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1.0 INTRODUCTION

Fairchild Imaging Systems, Division of Fairchild Weston Systems
Inc., has completed contract F33615-76-C-1282 for the

Avionics Laboratory. The primary goal was to demonstrate
optical penetration of haze-occluded low contrast scenery with
an imaging system configured about an array of Time Delay

and Integraticn (TDI) - Charge Coupled Devices (CCD).

With an electro-optical imager, it is possible to electronically
subtract the background due to haze from each picture element
(PIXEL) and amplify the remaining pixel-to-pixel differences

to enhance the reproduced scene. In principle, such processing
Can be carried to contrast levels which would be both invisible
to the eye and unrecordable by conventional photography.

For this to be practical, a large image signal-to-noise ratio
is required. One way to collect the large signal needed is
through the use of a TDI imager. Such a TDI CCD detector with
a selectable number of integrations was developed and furnished

to the o»rogram.
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This chip ccnsisted of rows of 20 micrometer photo elements;

(@]

1024 pixels wide arranged in columns 64 pixels high. The
numker of TDI integrations (1, 4, 8, 16, 32 or 64) could be
selected. The saturation charge was in excess of 1.0 x 10°

electrons per pixel in this four-phase buried channel device.

(C) An optically-butted focal plane was made using 6 of these chips
mounted on a beam-sharer having altarnate full-reflective and fully-
transparent segments. The focal plane was joined with a 3.66m
(144") focal length £/12 refractive telephoto lans which provided
essentially diffraction~-limited performance throughout the silicon

spectrum over a 6° field of view.

() The senscr was of the sector-scan panoramic type, designed to be mounted.’
with its axis parallel to the in-track (flight) direction.
Cross-track scan coverage was obtained by rctating a 45° folding
mirror, directed (nominally) at right angles to the line of
flight, about the in-track axis. Forward Motion Compensation
(FMC) and image stabilization were obtained through computer-
controiled scan mirror pointing corrections anéd focal plane
rotations. Line-of-sight, pointing and scan control inter-
active commands were generated in the computer using inputs from
the airborne inertial navigational system. Pointing and scan
rates of up to 1°/second were generated by the computer based
upon manually input target latitude and longitude values and

aircraf+ inertial navigation system data.

[\
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')  An ZInvircnmental Control Subsystem was ccmprised of Isolation
Mounts to £ilter out shock and vibration, a Temperature Control
cf the sensor and a Thermoelectric Cooler to further cool
the CCD focal plane. The Temperature Control subsystem provided
becth heating and cooling to maintain the total sensor temperature

within 1°.

') A real-time autocollimator type of Auto-focus subsystem measured
and autcmatically set the "infinity focus" of the objective,
thus providing optimum focus throughout a broad range of temp-
eratures and pressures. Range focus differentials were controlled
by the ccmputer using cdata from the target deck and aircraft

svstems.

i The Alrborne Vicdeo Subsystem consisted of the CCD focal plane,

sure sensing diodes and IMC circuitry. Eight CCD chips were

e
used in the focal plane; 6 cdevices to convert the optical image
2o an analog video signal and 2 devices tc detect IMC errors and
surcly an error signal to the computer. This focal plane could

te 2xvandcded to contain 18 or more CCD chips.

rivers and logic (controlled bv an end-of-line sync signal),

2 1.45 clock and an "integration duration" signal from the Video
cr, suprlied timing and control signals to process the

imaze signal through the CCD detectors and develcp the serial

sidsc cutput signal transmitted to the Preocessor Console.

lIzeen expcsure-contrcl dicdes placed within the "frame"

'
.

o8

posure signal transmitte

2.2 I vlew deveics an autcmatic exp

[N

o
=2 tnhe ccoputer to set the numpber cf TDI integrations require

(0
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small inaccurate trigonometric functicons. Pointing and B
stabilization were found to be alfected by the relatively ;
infrequent Latitude and Longitude updating every(300/m-sec) E
while computation is zerformed everv 20 m-sec. The un- -
certainties in the aircraZt altitude and accuracy of the 7

line of site (due to atmospheric refraction) were also in- .

vestigated and found to be votential sources of excessive srror. .

) 2.2.4.2 Fabrication

'y At the completion of the sensor design around midvear of 1978
the Zabrication effort was in full progress. Except for the
orctical component Melt Recomputation the fabrication effort was
fairly routine. As the assembly and electrical fabrication pro-
gressed through the second half of '78, subassembly testing was
ccnducted. Quarterly Program review meetings were held and the

zacing items were the optical components; specifically the lens.

PO

L2043 Svstem Tests

"} By the beginning of 1979 the Ground Station equipment was completed

+.
\

and IZully, tested. System tests on the sensor were started during

guarter of 1979. With the system installed on the

¢t

Fhoto Oztical Terrain Simulator a problem was found while trying

-2 Tersure resolution.

Inl=i3l ra3oluatizsn and aucteiccus tests indicated a discregancy
-2 cne half oI one zercent between the actuzl and desicn Zocus
~olnt <©I the system. Mechanical tolerance analysis and optical
inalsis could only Zustify cne guarzer oI ain 1nch.

~1
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Iz was Icund that a lens barrel "bend", between the
Oblective and RBarlcw crcups, ©of 35 micrcradians combined
with as much as a 0.001 inch displacement would not
cdegrade optical performance. Modeling showed that the total
pencing of the barrel statically and c nmamically would be less
than 35 microradians.

- Analvsis of aircraft wincdow thermal shock caused by rapid descentvf
Zrom altitude was tericormed. Also methods for maintaining
an isothermal condition across the window interior was
investigated. It was Zound that maximum stress was developed
near the center of the window. Based on initial results a

safe descent time of one hour was recommended. Increased

fu
’,A
't

Zlcw would reduce this. Further analysis of the window

r
b]

>

ermal environment are discussed in Appendix B.

') Ccmputer simulations, pericrmed 0 analyze prooosed processes and
access their feasibility invclved;

- The 1image processing algorithm, where the enhancement

orocedures were simulated. Unsharp averaging, Sharp-minus-

Unsharp generation, data compression and data reconstruction
ra programmed on the computer. Several algorithm variaticns
were tried and the results compared to determine the best
enhancement approach for the system.

- CCD chip calibration processes were prcarammed to simulate

!

; . [P SECI ) .’..‘A.L._.;A_.“A_JMA AAQ i

the actual device ané computer interfacing recguired.

- Zguations of motion Zor the scan and TMC zngles and the
o

L
O sl

;...

2 s es .
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- Array Signature Correction
- Video amplificaticn
- Unsharp and Sharp-Minus-Unsharp Video N

- Analog-to-digital conversion circuitry -

- Max-Min Detection with gain and offset normalizaticn

- Array Timing Logic and Driver Circuitry

s

- Preliminary 1024 x 64 TDI-CTD Signal Processing

- Forward Motion Compensation Signal Processing -

- Automatic Exposure Control Circuit,

(U) Additional design studies resulted in the development of altered

design approaches and solutions. 2among these were:

- The Focal Plane Cooling design was revised to permit
replacement of thermoelectric coolers without breaking the
hemetic seal of the focal plane compartment. Large surface-
area heat dissipators, located in the external environmental
air stream, draw the heat from the fixed internal thermo-
electric heaters thus minimizing the focal plane housing heat
rise. Analyses revealed that a second stage of thermoelectric

coling was required. A two-stage thermoelectric device
was therefore used.

- Forward Moticn Cecmpensation signal processing was changed

rty

rcr an analog system using Hilbert Transform filtering to

fu

dcuble correlator cne. An alli-digital subsystem using TRW
Q

i-

i0

and lcng-term DC stability reguired.

nanosecond multipliers was designed to attain the accuracy

- An invaescigation of the Tclerance sensitivity cf zpecific lens
z.ement ccniiguraticns was made. It was determined that three
cairs cf elements were most critical. Carefullv assembling o
and trezating cf each such cdcublet as a "single element" enzbled
Tailntenance of the memery tclerances.
L
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- Fabrication of the calibration light source and temperature
ccntrol units were delayed so these units could be interfaced
with the new computer.

- The number of operating sensor channels were reduced from
18 to 6. All associated circuitry was comensurately modified.

- The requirement for the Laser Beam Recorder and the Dry Silver

Brocessor was reinstated.

(Uy 2.2.4 LOREORS Development

(U} Following the CDR approval, system design and detailing for the
hardware was initiated. Using computer sinulation and breadboard
modeling, proposed design concepts were tested to determine design
parameters and to "test" components in the proposed configurations.

sp@pw During this pericd a parallel company-sponsored IR&D program
was funded to tailor a Fairchild TDI-CCD chip for LOREORS imaging.
A 1024 x 64 element TDI device was developed for low signal
applications. This image detector was designed with the minimum
cell size capable of producing the high signal-to-noise required;
a 60db gcal was set near saturation with a charge packet level of
at least 10° electrons. A four-phase CCD configuration, with
20 x 20 um photosensitive elements in a parallel register, was
developed. The active length of this chip is 20.48 mm (0.806").
A more complete description is given in the R. Dyck paper included
in Appendix A.

[}

to
[\S]
b

.1 Sensor Design
(C; Majocr subsystem circuits and processes were "tried out" in a pre-
fabr:icaticn form in corder to minimize £final system changes. Some

of the prccesses and ccmponent breadboards were:

-+
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Additional changes requested at that time were:

- Changing the image storage Video Tape Recorder Unit (VTR)
frcm an Analog to a Digital Unit.

- Elimination of the Laser Beam Recorder (LBR) and hence the Dry
Silver Processor requirements although interface preovisions
for future use of these items were requested.

- An investigation of the feasibility of using a single frame
storage scan converter with a high resolution CRT Display for

a soft copy output.

- An initial design of a 144" focal length lens to meet the ‘
system resolution requirements in place of a 96" focal length C )
with a future add-on. -

During the first nine months of this program the final definition
of the system was developed. Additionally an "In-House" develop-
ment program was in progress for the LOREORS, TDI-CCD chip at

Fairchild's Palo Alto, R&D Laboratoryv. 2 search was also conducted

e

for critical system components sources.

2.2.3 Critical Design Review

The Critical Design Review was held at Fairchild on September 20
through 23, 1977. Detailing of subassemblies and garts was
started and parts procurement was intitated. Air Force approval
of the CDR was received one month later on Octoper 20th. As

a result of the CDF the following changes were inccrporated in

- in INS was being incorpcrated into the svstem. A GrI system

was supplied.

|
"

, system clock was acdded.
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- A Cata Logger was added; additicnal
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The system was to be designed for either digital telemetry direct
Zrcm aircraft to ground station and/or airborne video tape
recording for later playback in the ground station. For this

orogram, an RCA Adviser Series VTR was proposed.

The ground station consisted of an electronic buffer, laser
beam recorder, dry silver processor and light table installed
in a trailer. Fairchild proposed to modify a GFE'd LBR and

convert the wet film processor to accommodate dry silver film.

2.2.2 Program Initiation

Contract award was made in January 1977. Although the basic
system concept for LOREORS was accepted as proposed, some changes

were agreed upcn at the kickoff meetings.

FISD personnel presented a description of the sensor geometry

and detailed the stabilization approach proposed. It was indicated
that two areas of concern were the respective loop stabilization
methods and the means for generating stability reference signals.
The ccncarn was over the ability toc maintain an adequate lock

cn the image thrcughout a long exposure with a full sixty-four
integrations. It was suggested that the system utilize dynamic
stabilization (i.e.; with computer updating) rather than the
passive typve oI system proposed.

I- was also svecified that the svstem test vehicle wculd pe &
2~:221 with £licght tests to bhe at 40,000 and 10,000 feet. The
Cl41 has an inertial reference system which cculd ke used for
sensor stakbilizaticn:; the Delco, Carcusel 4 (INS) Iner=ial
avigaticnal 3vstem. This system has & 0.7 nautical-miles/hour,

cal
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r specification but nas bsen found tc actually <rack
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I (C) The proposed sensor assembly rotated radially to achieve crcss-
track positioning. A scanning mirror moved in the cross-track
direction of flight to generate a "frame" of informaticn. A
linear array of CCD photosensors was positicned along the longi-

i tudinal axis of the aircraft. The sensor could be manually

" controlled by a commander who would use a low resolution TV

' image of the object area for targeting assistance. This display

indicated the high resolution camera's line~cf-sight. Pro-

l visions were made in the design to implement a computer directed

targeting system in the future. The low resolution TV "view-

finder" camera would utilize a 488 x 380 CCD device permitting

frame storage for contrast enhancement.

S
P |
NN T

(C) The proposed sensor employed autofocus, stabilization, motion
compensation and position and environmental control. The focal
plane consisted of 18 Fairchild CCD#ISD 121-SL die assembled

. cn a beam-sharer to form a contiguous line. The beam-sharer
' was 98% optically efficient. The die (photo-sensor without package)
were standard Fairchild 1 x 1024 elements sensors with selected

zcerformance. The characteristics to be used in the selection

crocess were dynamic range, large saturation exposure, low noise

T

eguivalent exposure, low dark current, uniformity of dark current

and hich sensitivity. These die, considered non-standard because
’ of the selection process, were available only to FISD. The £fccal

- olane was tc be assembled in FISD's ilybrid Laboratory.

.2, 2cth the TV "viewiinder" and high resoclution electro-optical

imager were %C use analog ilmage processing tc enhance centrast.

Eackground subtraction and non-sharp masking, were to be -
employed. Data ccmpressicn was to ke perZormed to convey all 3
2izh and low freguency scene informaticn in a 3 bits/picturs ?f
element data stream. ;
‘ - @
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as shown in Figure 2.1-2D. Background subtracticn, achieved
by filtering out low frequency variations, removes signal bias in
Aighly illuminated imagery which might otherwise cause high amplitude

Signals to saturate. Amplifying the high frequency signal erhances

Ol"
PR "
L b e

the imagery by emphasizing signal level changes (see Figure 2.1-2E).

i

]

(U) After amplification a modified background level, less than the q

original level, is added to the video signal (see Figure 2.1-2F). 1

The resultant reconstructed image has compressed the original _

ccntrast range allowing reproduction of the detail in the range - ‘i
extremes. However, more important is the ability tc image an

atmospherically contrast~attenuated scene, invisible to the eve,

with useable detail.

gy 2.2 LOREORS PROGRAM EVOLUTION

(U) The conceptual configuration for the LOREORS sensor was originally
presented in Fairchild Imaging Systems Division's (FISD) response
tc a 1976 request for proposal. Fairchild proposed a Long Range
clectro-Optical Reconnaissance System (Proposal No. ED-CX-409;
dated 26 July 1976) advanced prototype sensor, to provide real-time

nigh resolution imagery of low contract targets, to ground

M | A S e 2 e 4

e based Observers.
*‘.
. 5 2.2 Proposad Ccncept
k.
V..
-
P. 'C)  The electro-optical sensor was a sector, scan pancramic with
2z lcng Zocal length lens (96-inch, £/2.0). This was cnhanged to
o 144" £712 befiore award. The lens was ccmerised o 6 elements with
3 ; . : . . . . ;
3 nZ aspheric surZaces. This lens design, corracted for use In the
¢ zilicon spectrum, tocx full adwvantage o the thotodetector rasnonse.

e
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1.1 Atmospheric Effects

Atmospheric effects on long range obligue imagery are illustrated
by the example shown in Figure 2.1-1. 1In the upper right corner
is an oblique scene imaged on a relatively clear day. The same
scene, below, imaged through heavy haze appears invisible to the
eye. Representative sensor responses typical of both scenes

are shown in Figure 2.1-1 A&B.

The response to the original scene, on a rare clear day, is more
extensive than the range of the-half~tone print; with sunlit areas
extending into the saturation region and cloud shadowed areas
extending to the background level. Contrast reduction due to
scattering and attenuation through a long slant path reduces both
the sunlit and cloud shadowed signal ‘amplitudes proporticnally.

LOREORS' imaging and processing provides a method of amplifying ’

[N *

. i B
. et T
...‘. PR - .

the attenuated signal to reproduce the original scene detail.
Direct amplification of the video image shown in "B" is not

2%l el

possible because of signal offset which must be eliminated prior

to signal amplification.

2.1.2 LOREORS Signal Processing

The signal offset is primarily background which saturates the image.
This background level is removed by subtracting it from the

video signal and restoring the video zero level of the varying
signal to the electrical D.C. minimum, as shown in Figure 2.1-2C.
Additional signal enhancement is achieved by removing the low

freguency background signal variations prior to signal amplificaticn

~J
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(u) 2.0 TECHNICAL

Uy 2.1 STATEMENT OF THE PROBLEM

(U) Long range oblique imaging at medium to high altitudes is limited
by classical photographic aerial reconnaissance problems. High-
obligque-angle imaging generally occurs through an atmosphere
where the object scene is obscured by large amounts of haze and
luminance scatter. Furthermore, when the reflectance from the

image is low and long exposures are required, the collection
system must compensate for image motion, platform vibration
and vehicle and sensor environmental instability. The LOPEORS ]
solution needed to penetrate the aerosol while compensating -“i

for these classical environmental and platform-induced image Tfj
degradations. ]
(U) Electro~optical devices developed by Fairchild Semiconductor provide "j‘

the ability to overcome haze and scatter. These devices, CCD-TDI
photodetectors, can gather a large signal with a sufficient signal-
to-noise (S/N) ratio to allow average background subtraction from

the total signal. With its sensor system designed around these
E! TDI devices, LOREORS will image long-range targets in which the
:; contrast level is well below the detectable limit of conventional

photographic systems.

)

*{ (U) Resolution and contrast rendition are the major requisites for

N target detectability and object recognition in the resultant image.
[ Therefore, the long range sensing problem is resolved into;

| imaging low-contrast targets with high resolution while operating
in a compensated environment, processing the ccnverted signal

with an adeguate bandwidth and reconstituting the image for viewing.

UNCLASSIFIED
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(U)

CSONPEENTAL

The Ground Station consisted of a 21 Chaaunel High-Speed Ampex
HPR3000 Tape Player, a Data Processor and a dry-silver Laser
Beam recorder (LBR). Airborne recorder tapes containing
imagery data, control information and data annotation were re-
played through the Tape Player. Nineteen channels were used

to recapture imagery and 2 channels were devoted to control data.

Adding Sharp data to updated Unsharp data in the Ground Data
Processor recreated enhanced image data. Recomposed annotated
data were then fed to a Laser Beam Recorder which reproduced

images on dry-processed silver film.

Final erhanced images showed good detail in scenes with original
contrast ranges of less than 1.005:1. Thus the ability of the
system to provide intelligence imagery f£rom scenes having apparent
contrast well below the useful threshold of conventional photo-
graphy was successfully demonstrated.

T e P a I et aa i gl AL Sadl el vak vall an i jui e o b siall aal dat Al Aail Wndh Alb Mnk el Sl Sall Sl Adl 4 EAniC el aiKi

|
b
-4

M

. “1

i. “u

SN
N
h

1

'
-

el

Y

a s




OnAlicy e’ ey - Ll - Calialia™ Rl st i g W T YV W T WL YV VL TR A LW TRV T v I e e S i S, S Y

UNCLASSIFIED

[l

(U) The Video Processor Electronics contained both analog and 1;%
digital video signal sections. Eight identical channels of 1'4
analog electronics filtered, amplified and conditioned the :;j
video from each of the 8 (imaging plus IMC) CCD detectors. .
Because pixel-to-pixel nonuniformities could cause variations in Zf?
output greater than the "information" fluctuations, it was nec- is%
essary to calibrate and electronically compensate them on an E“&
individual pixel basis.  Background subtraction was performed to ';
; remove the D.C. "haze" level present in each image pixel. .
L (U) In the digital section the video signal was enhanced. A running -
o average was maintained of the "pixel of interest" minus the \ e
+7f average of the 8 surrounding pixels. This “non-sharp-m;sking" ';
[ technique allowed high-frequency variations (edges) to be auto- .
! matically enhanced. The 8 pixel average data were also recorded i
. in a compressed form for use in subsequent ground station image .j
F processing. Thus low spatial frequency data with large amplitude hd
- excursions were separated from the high spatial frequency, low .Tf
3*‘ amplitude detail data and tabeled "Unsharp Data". The high ii
- frequency signal was labeled "Sharp Data". The data were then ’;
By transmitted to the digital tape recorder for storage. sﬁ
| -2‘:"
{ (U) The Computer subsystem was controlled by a Hewlett Packard HP1QO0O0 H%
L.‘ Computer assisted by a HP7900 disc drive, a HP2645 CRT monitor jj
# and input terminal and a HP2631 line printer. This Computer was o
} the primary system controller. It contained the mis$ion plan, ‘
power application sequence, tests and calibrations of the CCD
o chirs, equipment tests, air pressure profiles, target selection, -J
- - autofocus correction, generation of servo position commands,
L display system operation ccntrols, logging data commands and
EZ. cemmands for maintaining the system interlocks.
. ‘:!
= .
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The system was disassembled and focal point tests were made with

and without the field flattener and simulated prism assembly.
In addition, the mechanical subascemblies were remeasured to
confirm that machining and/ox assembly errors were not source of
the problem. It was determined that the shift was caused by a
0.22 inch error in the position of the focal plane and a2 0.5 inch
deviation in focus caused by the radius and index variations in

the optical design.

A design study was initiated to find the most cost-effective

eZfective solution. It was determined to shorten the aft section

of the lens barrel. This necessitated:

a) Disassembly of the system down to the lens barrel assembly.

b} Cutting off the aft lens barrel and machining a pilot surface
for an insert flange.

c) Machining an insert £flange.

d) Installing the insert flange on its aft barrel and final
machining.

e) Reworking the isolation mounting pads.

f) Cutting a section out of the center of the thermal shroud
and rewelding the two halves.

g) Reassembling the entire system.

€ SmewfIhe remaining system tests encountered the "normal" run of debug

tasxs such as:
- Preliminary low ccntrast imaging test were macde. Perfcrmance
was limited to 1.05:1 contrast targets by noise levels in the

imagery inconsistant with the measured system noise levels.

Badl S

P




Investigations showed that considerable spatial noise
wWwas being inserted by the test collimator.
The collimator light scurce was removed and the noise

contribution of the collimator source corrected.

Investigations made to improve the CCD calibration accuracy

led to two changes. First, the timing between the selection

of level of integration and the collection of video calibration
data was found to be marginal and was increased. Second,

the number of video samples collected for calibration was
increased from 32 to 128 to minimize the effect of noise.

Investigations of the calibration accuracy further uncovered
a procedural problem with the dark signature correction
alignment procedure. The dark signature of a small number of
pixels on each CCD is lower than the signature of the masked
reference pixels. Biasing the lowest of these dark pixels

to ground (rather than to the masked reference pixels) led

to gain offset variations as integration levels we.e changed.
The alignment procedure was corrected to elminate these
variations.

Two A/D converters were found to be defective. Newly published
application notes from the manufacturer prescribed limitatidns
on the soldering time and temperature during printed circuit
board installation of these devices. Since these limitations
are more stringent than Fairchild standards for normal pc

board installation and, in addition, were considerably more

restrictive than installation standards normally associated

19
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with this class of device, it was suspected that the rash
cf A/D failures were the result of the newly - published

fabrication restrictions being exceeded during assembly.

-~ During system test, the light signature correction was found

LR

to be accurate to only one percent instead of the design goal
of cne-tenth cf one percent. Investigation of the signature ) }
correction subsystem uncovered an error in the signature ' d
correction algorithm. The error was corrected and the light i
signature correction error was reduced to approximately

three~-tenths of one percent.

- A fifteen degree skew in the system imagery was traced to
misalignment of the sensing head and scan head and unbalance
of the sensing head due to removal of the sensing head stops.
The stops were replaced, and the sensing head was rebalanced.

- LBR hard copy of low contrast imagery exhibited streaking
along the scan direction. Investigation showed this was due
to errors generated in the unsharp mask. The problem was
tracked to erroneocus data transfer from card to card by the

low power schotky logic. Reduction of loading on data lines
and the addition of buffers on the clock lines eliminated _
the prcblem. S

ﬂl vy 2.2.4.4 System Delivery E:

[
)]

vstem tests were ccmpleted during December of 1979 when the

L Airberne system was shipped to WPAF for installaticn into the

h

(]

rcra

T and the start of {light tests.
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(C) The Ground System was held until early February to incorporate
some £final changes and to aliow some additional image testing
and evaluation.

vy 2.3 FLIGHT TEST PROGRAM

(U) The £light test program was conducted as scheduled during the
second quarter of 1980. With the assistance of Air Force
personnel the system was preflight tested and mounted in the
Cl4l aircraft for operational tests. The initial problems'
encountered were related to the targeting of the system. ;A J
Imaging data were obtained from the first mission. Because

of the complexity of this system (and with the advantage of _ i
hindsicht) it 1s believed that a pre-test flight checkout program ]

wouid have improved the overall results of the flight test

program. : J

(C) The final results of the LOREORS tests, obtained as a result of
the evaluation of imagery, demonstrate that the system succeeded

in its purpose. High-resolution imagery possessing sufficient

detail for the detection and recognizability of selected targets
at long ranges was obtained under conditions of extreme haze.
ZInlargements of target areas show that the resolution and enhanced
gray scale provide the image acuity required for tactical target

detection and object interpretation. Examples of the shotogravhy

P

RAFS N
NI

and the contrast rendition are shown in Appendix C. Typically,

PR
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rcadside household mail receptzacle can be recognized and =asily
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identified from an enlarged reprcduction imaged at an altitude

of 31,000 feet, at a slant angle 0 60 degrees penetrating haze
e

1s frem a range of ten nautical miles.
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(U) As suggested above, these results were not obtained without
some initial difficulties. The original flight plan, with
missions all over the United States, had to be scrapped because

of the operational problems encountered.

(U) Equipment failures and flight condition inadequacies became
apparent during the first flights. As a result, a substitute,

less-extensive local mission flight plan, was instituted

to provide the opportunity to correct the equipment problems.

Imagery was obtained from almost every flight.

(U) The flight test program consisted of twenty-three missions. oo
Imagery obtained from the first flight on March 19, 1980 was o
recorded with a loss of forward motion compensation and a s

rozen scan air bearing. Even so, a sufficient quantity of -
image signal was recorded to provide a reproducible image from -
Low contrast targets.

(C) During the next few flights the mission was primarily concerned

o
}
with the task of correcting sensor problems. The system pointing *ﬁ;

and stabilization was affected by the accuracy and instability S
of data from the inertial navigation system. Problems were also S
encountered with the autofocus and exposure systems. About half R
way through the flight test program most of the symptoms had been :"
identified and corrections applied. Since the majority of the i
orcblems were related to the peripheral electromechanical sensor N
suppcrt eguipment, imagery with varicus lsvels cof guality was e
cbrained. As egquipment fixes and compersations were incorporated i'.
the zsuality of the imagery, especially with regard to resoluticn RN
impreved. T
_—
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(U) There was never a problem with the guality of the image
contrast. Contrast goals were achieved and demonstrated

early in the program and consistently thereafter.

|
1

4

1

4

*

(U) Improvements in the targeting control capability of the system ;f:q
improved resolution. Results obtained from the last few flights }j?
demonstrate the dramatic ability of LOREORS to penetrate naze 'ﬁ,;

and record target images. A description of these flight tests

4
with an evaluation of the results and examples of imagery __.Q
are given in Appendix C. o
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{ All of section 3 is unclassified)

3.0 THE LOREOQORS SYSTEM

The configuration for the Long Range Electro Optical Reconnaissance
System was comprised of eight subsystems and components. Of the
eight, four are essential for imaging and signal processing. These
ccrmponents are:

a) The Imaging Sensor Unit

b) The Servo Box Unit

c) A Two Bay Processor Console

d) A Dual Bay Computer Console.
The remaining four components ‘comprise peripheral support
equipment:

a) A CRT Data Terminal

b) A Twc~-Bay Air Conditioner

c) An Air Compressor

d) A Ground Station Data Processor.
All of this equipment with the exception of the Ground Station

equipment, was used in the airborne LOREORS configuration.

1 SUBSYSTEM COMPONENT DESCRIPTION
3.1.1 Imaging Sensor Unit

The Imaging Sensor Unit shown in Figure 3.1-1 is shown without the
ancillary manifolds and tubing normally required for distributing

a2nvironment-~control air conditioning. Extending over thirteen

ty
(b

et in length and weighing over 2000 gounds, the main assemblies
- the sensor are the scanning head, the lens barrel and barrel
2xtensicn and the sensing head. The senscr is shock mounted

N = 1
-

£
'y
rt

a transportation/holding fixture wnich is eguipped wi
£ g TU1pt

rh

in
TCcrs to

-
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i

N 7 4= -
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SCAN HEAD SENSING HEAD

TRANSPORT/HOLDING
SCAN FIXTURE

MIRROR

LENS BARREL
AND EXTENSION

CASTERS

(J) FPIGURE 2.1-1. SENSOR
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The functional components within the Sensor are the Optical -".‘»’g

svstem and the £ocal plane assembly. The Optical system is : ]
composed of the aiming mirror and the focussing lens train.

The focal plane assembly, upon which the target is imaged, is

converting preamplifier and multipliexer cauds.

— e
comprised of the beam sharer, the six TDI-CCD detector chips ”q'
and the associated electronic control ccmponents. Drive .._3
components for aiming and scanning are also housed in the Sensor. :éﬁﬁ
S
3.1.2 Servo Box Unit ’
]

Servo control components required for the Stabilization and
Control Subsystem are housed in the Servo Box Unit. There -y
are three control servos in the imaging system, the Scan Servo, ,~~g
the Forward Motion Compensation (FMC) Servo and the Sensing :
Head Servo. The gower supplies and power amplifier for the T
Sensing Head servo are housed within the Servo Box along with -
L |

The Servo Box Unit shown in Figure 3.1-2 also contains the

electronic compcnents which support the Inertial Navigation
System (INS). Shock mounted in a frame which is tied to the
venhicle floor, this Servo housing measures three feet wide by two

Zeet deep by one Zoot high.

2.1.2 Two=-3av Processor Console
Zonstructed in & cdual console hecusing comprised cf a stael
structure 30 inches hich kv 33 inches wide zand 29 Inchss deern, .
. - ®
“he Processcr Console centains all ¢ the electrecnic circulnry =
1
1
-l
. 1
Cod
@
-

to
(931
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reguired to process the video signals for the IMC/FMC signal
channel and the six video image signal channels. As shown in

Figure 3.1-3, the Processor contains the signal channels in the

2

ight compartment and a power supply assembly in the left

cabinet. For stability in the airborne platform this console

is shock mounted in a frame which mounts to the installaticn

zloor. All subassemblies and components are accessible for
cceration and maintenance through cdouble doors on both the front

and back of the cabinets. A triple-tier card rack contains the
analog and digital video signal processing electronic cards. A
single card rack contains the IMC/FMC detection cards. A power
sunply, which provides all of the power levels required for console
operation, is on a separate chassis. Cooling components required to
circulate air within the cabinets are ccntained in the lower con- ‘
sole area. i )

3.1.4 Dual-Bay Computer Console

As shown in Figure 3.1-4, the Computer Console is also contained in

2 mounted standard-size dual cabinet which is shock-mounted in 703
a ancillary Zrame for stabilization while airborne. Access to the f{’;
ccmputer subassemblies is through the front of the Console (with

the ZIrcnt protection doors open). Thesa components also can be

slid forward for front maintenance. Located in the left section
c

ing the console) is a Hewlett Packard-1000 miniccmputer which

CoL S :
RPN\ LT R o, 2

[N

cperates with a HP? 7900

'J
(f
!
(o]
)
jo ]
t
®
L

isk controller and rower uni

cver 1t. A Zaza Logger Unit is also included tc storz reccrisd

coerationzl daza. Mountaed in the right hand ccnscle secticn are v
the Amcex alrbcrne digital recorder used to store the imagery data :
zathered during 2 missicn and i1ts suppor: ecuirment. 1

"‘""‘*‘ it
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.3 Suprvort Equipment

Ancillary equipment utilized to support LOREORS imaging operations

ccnsists of the CRT Terminal shown in Figure 3 .1-3 which provides

an cperator interface with the system computer, an Air Conditioner used

(see Figure 3.1-6) to circulate cocnditioned air, either heated or

cccled,to maintain a constant thermal level, an Air Compressor
e

[t
11
Ja
[Y9]

ure 3.1-7) to supply the air current reguired for the
Sensor air bearings and a Ground Station Data Processor shown in

Tizure 3.1-8 used to raconstruct the image data into hard copy.

.2 FUNCTIONAL DESCRIPTION
iption of the LOREORS functional operating

in the following: The main functicnal

plane
D) The Stakilization and Control Svstem used to aim the
Sensor at the target, scan the target and to neutralize

relative moticn between the target and the Sensor

)

N>

The Environmental Control which isolates =he Sensor £from its

surrnundings and ccompensates Zor extarnal inputs which decgrade

£he 1mage

2; The Auto Focus 3ystem which ccrrects Zcr Iccal errcr

2, Th2 Sansinc Hezd and YVideo Processor wnlca converTs tne
cnoical lmege to oan electriczl signal anc théen grccessss
the video signal dats raccriinag

. The Cc ]
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"he senscr lens forms an image cf the transmitter grating on

eiver grating. Oscillating the scan mirror causes the

C
imace cf the transmitter grating to be swept across the receiver

1

’l; s "-"- .

ng. With the gratings and CCD array all located in the

Zccal zlane, best-focus grating and CCD imagery are obtained

'
.

simultanecusly (fcor infinity focus).

1
.

e

.
PR W)

The Transmitter grating image best-focus condition results when

tne nighest 1lnstantaneous maximum light passes through the

celving grating, as collected by a large area silicon photodiode.
Zefccus conditicns result in lower instantaneous maxima. This

1s shcwn in Figure 3.2.4-2. A plot of maximum response vs. cdefocus

.

for a given grating pitcn is shown in Figure 3.2.4-3.

‘.

JUS U W O G SO R

The actual grating pitch is chosen to yield an effective defocus

rznge of approximately #0.0l6-inch. This chcice provides
suZficient sensitivity to attain a practical focus correction of

:3001~-inch (1/3 cf a 1/4 wave ravleigh tolerance).

futciccus correcticon reguires two steps, (1) acquisition and
2) wernier correction. Acguisition locates the "approximate"
cest focus vposition within the total back-focus correction rance
available. It is estimated that a range of 0.250-inch is re-

zuired (including ground test conditions). Acguilsition is
B

zcccmpilished by moving the focal plane carriage to vne end of
123 3.250-inch travel. With the scan mirror cscillating, and
thne Carriage moving at apvroximately 0.01C-inch steps, the L
chctedicde cutput is resad and stored. afzer 25 (0.250 inches) T
. . . : L
rzadings have been completed, the carriage 1s returned to :the i\;a
zcsition preducing the maximum respconse. j'l
o
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RS
,_j
rressure conditions. This refocussing ability minimizes the A

need for long soak periods in controlled thermal environments

before peak 1maging performance can be realized. The autofocus o]
system senses deviations in the back-focal distance of the lens, -4
which result from temperature or pressure changes and thermal "”*"’

gradients, and automatically restores the camera to a best-focus v

condition.

The autofocus system consists of an oscillating flat mirror,
and an optical transmitter/receiving grating pair, which is
mounted on the £focal plane. The focal plane is mounted on a

servo-driven carriage with an encoder for position feedback. R

Based on the signal from the grating pair, the computer determines

best focus and drives the carriage to the proper position. R

Autciccus system operation is achieved using the camera's own B

ootical elements (lens and scan mirror), as shown in the optical
schematic of Figure 3.2.4-1. The grating pair and the CCD array ﬁf,E

are mounted on a carriage, coupled to a precision drive mechanism,

carable of adijusting the back focal distance over the requisite range. .
r 3 g 1 g

A light source illuminates the transmitter grating. Light passing
through this grating is transmitted through the lens, reflected
cack bv the mirror, retransmitted through the lens and returned

to the receiver grating which has a photodicde detectcr lccated

e
A
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system designed to provide approximately equal deflection

constants in each of the three orthogonal directions. This is combined
with a dry friction type of damping and a resilient, snubtbing limit-
Stop. The Temperature Control System provides both heating

and cooling in such a way as to maintain the entire camera as

nearly constant and as close to a fixed temperature as possible.

The air cenditioner console, supplies the camera with pre-

conditioned air. This air is circulated between the lens barrel

and the thermal shroud, around the sensing head, and around the
scan head. The circulated air is routed back to the air
conditioner for reconditioning. In addition, the sensing head 1
has eight thermo-electric coolers strategically placed to maintain , %
oroper sensing head temperature. The entire camera temperature
is monitored by thirty thermo-couples distributed through the

camera sensor and can be read cut on the CRT Data Terminal.

The focal plane, located in the sensing head of the Sensing Unit, R
is conditicned by a combination of the thermo-electric devices and

the circulating conditioned air. Three thermoccuples are bcated

cn the focal plane to enable monitoring of the Sense Head

temperature. These thermocouples are part of the svystem monitoring

sv/stem.

A total of thirty iron-constantan thermoccuples are located
the Sensor to monitor temperature. Besides the three

in the focal plarne, nine are loczted in the Scan Headé andé 18

arcund the lens barrel. These nmcnizors are read by a data lcoger.

S.2.4 Autciocus Svstem

X
T
R

o
O
7]
P g

-~ gy - e - - - - .. - = Pl - -
“he AutoZccus Sistem autcmatically compensates for deviat ‘
4
- PO -~ -~ 1 - T o - 3 ES
11 the Sensor contical charactaristics to trsvide “he rest ¢
- . - . : - . K
- T - N ~ = - N~ D - - i~
niinis lmaze Zcocus undar trzal rTance oI temrterature and X
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Navigational (NAV) data consisting cf target location and
inertial reference data are fed into A/D converters. These
data, related to the aircraft position and orientation

basecd on heading pitch and roll information from the INS, are
synchro generated and converted to digital form in the

Servo Box Unit. Altitude dataare similarlv generated from a
radar altimeter. Converted NAV dataare multiplexed with inputs
f{rom the three position encoders. The encoders indicate the
present Scan, FMC, and Sensing gimbal orientation. Comparing
the input commands with the feedback, the computer generates
updated, current commands to drive and reposition the gihbals

as required.

FMC commands are generated from present vehicle V/H and

desired Scan angle coverage. The FMC inserts corrections

for aircraft advance driving the Scan gimbal at a one degree

per second scan rate.

During image scan,the focal plane assembly in the Sense Head

nust be locked to the mirror in the Scan Head. This is acccmplished
by slaving the Sensing servo to the Scan servec. The feedback

from the Scan encoder is added to the signal from the Sense
encoder in a differential amplifier and then added to the ccmputer

sense command,effectively locking-in the Sense torquer.

alxla

2.2.3 Environmental Ccntrol Svstem O

N
3

.
-t

The Invircnmental Ccontrol consists of a wvibration and shock

lou

-]

3vstem and a Tempgerature Control System. Protection from

e

e

o
e e e S T
a 2. A x_ a3

t
wizratizn and shcck is grovided thru the use of vibraticn filter
s een the image sensor housing ané its Irame.

TlOon Mouncs cgontain a surincg guswenszicn

R 1
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are achieved by rotating the Scan Head relative to the Sense
Head. An encoder on the Scan Assembly generates scan position
feedback and a roll rate gyro generates roll rate feedback
signals. This rate gyro, mounted with its input axis parallel
to the vehicle roll axis, is connected to the Scan gimbal;
forming a rate feedback loop used to maintain a constant image
scan rate relative to inertial space. The air bearings at

each end of the Sensor link the Scan gimbal to the Scan Assembily
and the Sense gimbal to the Sense assembly and are supplied

with air f£rom the Compressor Unit.

Pitch stabilization is achieved by summing vehicle generated
pitch signals with Scan Command signals. An encoder on the
Sense Assembly and a rate gyro on the Sense gimbal generate

the pitch position and rate feedback signals.

Yaw stabilization is achieved by summing vehicle vaw signals

with FMC Command signals. Feedback in this loop is also generated
using an encoder fcr positional location and a rate gyro for

ate signals. FMC gimbal inputs to the FMC torguer rotate the
pointing mirror, which is decoupled from the Scan gimbal through a
roller bearing.

3.2.2.2 Contrecl Signals

Mirror pointing command and control is generated by the system
ccmputer pased on target location, aircraft posicicn and feed-
cack cfiset information. Aiming of the mirrcr is cerformed by
servo positioning as determined by computer generated information.

This is shown in Figure 3.2.2-2.
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CCD's averages about 68%, whereas the diffraction limit is 73%.

Images are focussed upon a beam sharer, (described in the pavers

In Appendix A) where it is split into sets of transmitted an-

reflected beams. These ray groups focus upon the odd and even

X CCD chips in the focal plane to produce sections of the image scan
i line. These sections are then combined to produce a continuous

I scan line.

3

b

b

Cross-track coverage is obtained by rotating the scanning mirror
about the aircraft roll axis to produce a cross-track scan.

Forward motion compensation for vehicle advance during the scan

8 Yv“ v v

is obtained by supplying an opposite drive into a mirror servo
to maintain a constant pointing angle. Focus is automatically
pre-adjusted to an optimum setting prior to an imaging run to

h compensate for the effects of residual thermal gradients, wave

front errors and variations in slant range.

) 3.2.2 Stabilization anc Control Subsystems

The Stabilization and Control Subsystem utilizes the Scan,

Sensing and Foward Motion Compensation servos for both stabilizaticn
. ané target aiming (see Figure 3.2.2-1).

3.2.2.1 Stabilization

lizaticn ¢f roll moticn i

pi S _
acticn correction signals to Scan Command signals. Scan Command o
ignals are develored as a result cf race and pesiticn inp
The image sensing assembly,mounted with its scan axis a
“¢c the vehicle roll axis, 1is rctated within the Scan and Sen
£ C

Gimbal air cearings at each end <I this assembly. Rcll c

Y
. .
)
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3.2.1 Optical Svstem

LCREOR'S Optical system uses a scanning mirror to view the
Objective scene through the aircraft window, which is considered
part of the optical train. The mirror folds the optical path
through a 90° angle directing the imaged scene toward the lens.
A near diffraction limited 144 inch (3.66 meter), F/12 lens,
with a 96 inch (2.44 meter) overall length was designed to cover
the entire silicon spectrum. All of the lens elements are air
spaced spherical elements. The entrance pupil of the lens lies
at the first surface of the objective group. This offers a
significant advantage with respect to the scanning mirror
operation, since the field of view divergence starts at the
entrance pupil and thus allows the use of a smaller scanning

mirror than would otherwise be possible.

The lens is of an extreme telephoto form, consisting of a six element
objective group, a three element negative Barlow group and a

single element field flattner near the focal plane. The

Ly

2
.Y
-

o

3

4

cbiective group has a focal length of apprcximately 72 inches. Its -

. L
[

§

y

'®

F_

-

o

image serves as a virtual object for the Barlow. The combination .
croduces a real image 96 inches from the entrance pupil with an ‘
effective focal length of 144 inches. This lens is completely

unvignetted cver its field of view of 5.86° (0.102 radian). Its ]
image format is 274.4 mm. -9

i
1l in koth dirzctions thrcucghout the £field. The MIT 3t

-9
-
ralrs zer millimeter, the Nyculst limit cf the imaginc -
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Vernier Motion is required to lccate the best focus pcsition
o within £.001 inches. Vernier correction is accomplished by

offsetting the carriage by a minus .010 inches from the acgquisition

best focus position and driving the carriage at a slow rate.

With the scan mirror oscillating, the photodiode is read and

stored at .00l inch intervals. After driving through approximately
20 readings, the carriage is returned to the position zroducing

the highest response.

3.2.5 Sensing Head and Video Processor

The sensing head is the assembly which senses the image by means .o
o a CCD detector chip array. Within this head are electronics to A
ansure prover CCD operation and video amplification. In addition, the

sensing head ccntains exposure circuitry to measure scene brightness

ané cecrrect for the proper number of TDI integrations.

The processor receives and filters an amplified videc signal
from the sensing head. Corrections are made to comrensate the
v7ideo signal for beam-sharer fall-off occurring at chip edges,
and for chotcsensitive differences between elements. 2Zack-
ground subtraction and video amplification are also perfcrmed

with the vicdec in a digital form. The data are recorded

TMC . i

czeraticn. In addition, the video —rocessor detects IMC anc
y zrrors andé crevides correction sicgnals fcr eilther the scan or .j
o FYC servos. .

on an airborne recorder. The processor also communicates

vith the cnkcard computer system and controls airborne reccrder

: P
AP

. . et
Tata'ata ala

T
’
wtatat

g
L
b
o
]
B l‘

b -~

UNCLASSIFIED

1@

'
P




vy v
S e TSR

N P Taian 7 Clute n e arel g viu Piila Sl Bk Shedh o Sl Jhin. Bre 0 g fhaye o dunt) P allEbadiNesdt ol it ol ot Sl N BN I

UNCLASSIFIED

3.2.5.1 Airborne Video Subsystem

The airborne video subsystem, see Figure 3.2.5-1, consists of an
analog/digital processor and a CCD focal plane with drivers,
logic, exposure diodes, and exposure control circuits.

Also included as part of the airborne video subsystem are the IMC
detection circuits for the image-motion-correction serve sub-
system.

3.2.5.2 Focal Plane Electronics

The analog and digital processor outputs an end-of-line sync, a
1.45 MHZ clock, and the number-of-integration~select code to the
Array Logic Card. This card processes the signal and then

feeds proper timing and control signals to the eight Array Driver
Boards. The eight Array Driver Boards (6 Qideo and 2 IMC
detection) supply the CCD chips with the proper voltages, timing,
and number-of-integration codes. The video from the CCD's, is
amplified by a factor of ten on the Array Driver Board, and

then sent to the Processor Console.

Located on the focal plane are 15 diodes used for exposure control.
The ocuputs of the 15 diodes are fed to the Auto Exrosure Control
Circuit. his processes the signal and provides a 0 to -10V.

range exposure signal for each diode selected. The diode

selected is determined by a computer word received from the
Subsvstem Interface Card. 1In addition to storing and suprlying
the computer word, the Subsystem Interface Card prcocesses the

15 exposure signals as they are selected. The exposure sicnals are
ccnverted to 3 bit digital words and gated to the computer bv
multipliexer circuitry.

UNCLASSIFIED
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3.2.5.3 Processor Electronics (see Figure 3.2.5-2)

The processor electronics are contained in a three-bucket card
rack located in the Processor Consocle. The processor has both
an analog and a digital section. The analog section consists

of 8 jidentical channels. Only one representative channel is
cescribed. Two of the channels, processed by the analog section,
are fed to the IMC circuits. The other six go to the digital
section of the processor. The digital section consists of 6
identical channels. Again, only one channel is described.

Circuits common to the channels are described individually.
3.2.5.3.1 Analog Section Of Processor

The amplified Video signal comes to the processor console from the
sensing head. Each of the eight channels of video signal goes through
a Matched Filter Card, a Signature Correction Card, and a Signature
Correction-Max-Min Card. Video from the S$.C.M.M. Card also goes

to two Max-Min Cards. The six video channels go to one set of two
carcds and the two IMC channels to a second set of two cards.

3.2.5.3.2 Matched Filter Card

Ut

The amplified video signal from the focal plane amplifier is

fed into one input of a differential amplifier where it is

subtracted from the Sensing head cround signal; effectively

cancelling transmission czble noise pickup. 2an inverted wvideo

signal is then fed thrcugh a matched f£ilter for switching noise
cduc

tion and a twc-times amplification.
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At the beginning of each image scan line there are a few non-imaging
"dark" pixels. This dark level is sampled as an average dark level
and stored. The stored level is then subtracted from each of

the 1024 sampled-and-held image pixels. At the output amplifier

cn this card the video gain is reduced by half.

2.2.5.3.3 Signature Correction Caxrd

The video signal goes througn three stages of signature correction,
two of which are performed on this card. The first is dark-
signature correction. Every pixel has a different dark signal level.
Prior to sensor operation a dark signal calibration cycle is

ver formed on each CCD chip. A dark signal video line from a
"capped" array (i.e.; no light input) is fed thrcugh the dark
signature circuits (uncorrected) and digitized. These digital

data ar= then sent via the calibrate interface circuit to the

computer where they are stored.

During normal imaging operation the stored dark signature is
recalled and subtracted pixel-by-pixel from the video signal.

Corrected video is then sampled and held in a register.

The second circuit on this card is the beam Sharer correction circuit.
The beam Sharer used in the focal plane causes a fall-off of
age intensity,-due to image beam shear of up to 50% at each
nd ci the image beam. To ccrrectior beam shear the signal is

sglit into twe paths which are eventually summed. The £first

zath is a resistive divide with a gain of 0.5. The seccnd path has
a gain varied from 9 to 0.5,corresponding to a rprastored 7 bit code
reviousliy

Py

racalled £rom an EPROM., The X variarcle cain values were ¢
o)

3

-
i

IS
S

red from calibraticn measurements made o =

“zrmined and s+
Ty

rer. The two wvideo signals are resummed, sampiad-and-
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3.2.5.3.4 Signature Correction Max-Min Card =

Light signature ccrrection is the third stage of video signal T
ccrrection. Each rhotosensitive cell of the CCD array has a .
slightly different gain. During preoperation calibration procedures, ol
ﬂ these differences are measured and stored in the computer. N
During normal imaging operation the computer recalls the correcticn

- factor for each pixel. This correction factor is multiplied =
]

. with one-half of the corresponding video pixel value, previously o

II split off in a resistive divider. The corrected gain video is
then added to the other half of the video signal. After another
sample and hold oreration and further resistive attenuation the
signal is amplified by a factor of five. This procedure corrects

> for signal loss through the three corresction stages and the

three sampling stages with a final resultant signal in the range

cetween zero and plus five volis.

'Aqglkli

s
'y

I' Part of the video signal is then directed from the correctiocn

Card to the two Max-Min Cards. The remainder after going through

;’ a divider has the offset signal from the Max-Min cards subtracted

£rom it. The new signal is doubled in amplitude.

o
e

)
oy

In the final stage before going to the A/D converter, the video

w
lo

is multiplied by the gain signal from the Max-Min Cards. ©Cne
tenth of the signal, in the 0 to -1.25 volt range is filtered,
elinminating random noise and, lastly, divided one more time

reducing the maximum signal to ~0.3 wvolts., This sigznal 1is then

.
Py

- sent to be digitized.

w
";.‘-' 0y et

2.2.3.3.5 Max-Min Detecticn Cards
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A second set of detection circuits monitors the maximum an
minimum signal levels in each video line. These maxima and
minima are used to determine the gain and offset correction
signals for the Signal Correction Max-Min Cards. Maximum and
minimum levels are measured for each of the six video channels
and the two IMC signal channels.

The gain signal is obtained by doubling and polarity inverting
the line maximum and adding this to the doubled line minimum.
This is the peak-to-peak voltage range. One sixteenth of the
range signal is added to the line minimum producing the minimum
offset signal, The five volt spread of the peak-to-peak signals

is divided into 12.5V to rescale the resultant gain signal.

3.2.5.4 Digital Image Processing

The main functions of the videc signal digital processing are
to enhance the low contrast imagery using Non-Sharp-Masking
techniques and to compress the resultant signal for in-£light
digital tare recording storage.

3.2.5.4.1 Inage Enharcement

Ncn-Sharp masking is performed to enhance the high freguency
information in the video signal. This processing reduces the
background, relatively larger low frequency brightness variations,
to permit amplification of the low contrast object details.,

The Image Enhancement circuit consists of an 8 Line Memory,

-

/

Jertical Averaging Circuit and a Center Data ilinus Unsharp Daza
2irzuit. These circuits are described belcw. The function cf the
Tnhancement circuit is to enhance video transistions from one

light level to another. This is performed by taking a running
a
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3.2.5.4.2 8 Line Memory - Unsharp Data

To obtain a running average of an 8 x 8 pixel area the eight
line memory accumulates a sum of eight contiguous lines. Eight

bit words are received from the Max Minus Min Detector Circuit.

Eight lines, with 1024 pixels of data per line and each pixel an

8 bit word (65,536 bits)
pixels

8 Lines x 1024 lire

are stored in this Memory section.
bits
x 8pixel = 65,536 bits.
These eight line packets are first summed in the vertical direction
(in the Vertical Averaging Circuit)
The result,
are then added in the horizontal direction,

as the sum of individual
pixel columns. 1024 column sums of eight pixels each
to each other as the
sum of eight horizontal sequential sums (in the Horizontal
Averaging Circuit). The result is a running sum of 8 x 8 matrices.
Dividing these Matrix sums by 64 yields an average value for

each matrix. The average values of this continuous process is the

"UNSHARP" data. Averaging the data in this manner, effectively

Ziltersz the original data to remove the high frequency components.
3.2.5.4.3 2 Line Memory - Center Data

A second functicn of the Eicht Line Memory is tc generate a set
of delayed pixel data known as Center data. Center data is cbtained
bv taking data from the memory afier a four line plus three

pixel delay.

Lad

ST Vartical Averaging Circuicz
Tha functicn of the Vertical Averaging circuit is to cenerate an
1024

cutput that is the running sum of 38 vertical lines.

c
a
cixels of line one are added to the respect
r

ive zixels ©of Lines
- - Aoy g 9 - - - \ - - -—
two through eizht. IZach line of data 1s processed in a FIrT cae
=< —~ - L2 e \ - - S e 1 . *Jh - -r
"Zirzst in = fZir3t out) after an eicht line delay. When the memcr
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in a 1024 x 11 memery. (The sum of 8, eight bit words is an

eleven bit word.) See Figure 3.2.5-4.

The first line is then read out of the memory and a new eighth line
is read in to form a new eight line set. Thus a running eleven

biz vertical sum called "VAV" data is formed.
3.2.5.4.5 Heorizontal Averaging Circuit

The function of the Horizontal Averaging circuit is to generate

an output that is the running sum of eight serial, vertical,

pixel sums from within a VAV line (See figure 2.2.5.-53). Each

VAV line is closed loop processed through an adder whose output

is fed back to its input via a register. As new data, an

eleven bit pixel sum, is applied to the adder, the previous VAV

pixel sums stored in the register are added to this new data.

This ccntinues until a total of 8 pixel sums have been added and
stored 1n the register. While the horizontal pixel sum is being
cerformed each input pixel sum is also stored in a 8 ¥ 11 FIFQ memory.
When the nineth word and each succeeding word is fed into the addex
tne register puts out a 14 bit word (the sum of 8 eleven bit

cr a 14 bit word). This 14 bit word is simultaneocusly

sent tc & subtractor and a divider. 1In the subtractor a pixel

sum Irom the 1l bit memory is subtracted from the horizontal

fu

i4 bit sum and then added to the new adder word thus creating
I

oo

R

running sum of an 8 X 8 pixel matrix. n the divider the 14 R

ciz werd 1s divided by 64 computing the averace nivel valve Zor -

©n2 Tatrix area. This average value is the UNSHAR? data, '";

bt |

2.2.3.400 Canter Data Minus YUnsharp Circuix T
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#@.. Specific experiments demcnstrated the ability of integrating
detectors to extract information from low contrast scenes.
Photo sets 4-1 and 4-7 give two examples of the image signal-
to-ncise improvement obtained by increasing the number of
integrations. Under identical imaging conditions, the picture >{if
sets 1in each figure compare the guality collected imagery for
four versus sixteen integratiocns. All pictures were taken from

a slant range of 12NM (depression angle of 16°) between 11:00 ) d
and 11:40 a.m. on 6/22/80. ]

wials Scene brightness was approximately 800 foot-lamberts. Image ; ]

contrast was 1.05:1. The 1€ integration photos were taken with
the TDI-CCD at just less than 30% of saturation (about 300,000 )
electrons). The exposure time was 12.5 msec. At 4 integrations, .;if
the exposure time was 3.1 msec. (ollected signal was approximately :
75,000 electrons.

mgy» The samples illustrate clearly that TDI is required to achieve
noise free imagery. The top two photos of each figure illustrate
low signal levels. An insufficient number of electrons were
ccllected. The signal-to-noise ratio in these photos is about T
10.1 between the maximum and minimum brightness areas of the :
scene. The lower photos in each figure illustrate the increases
in utility obtained by being able to collect sufficient signal.
The ability to collect and handle large numbers of electrons

in small detector sites was one of the trade-off ccnsideratlcns
relating resciution and contrast detection during svstem desiznh
This data indicates that svstem performance, at low cocnirast,

was clearly limited by signal collection capability andéd not

detector element size.
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Remcval of haze levels in the image using an analog signal pro-

cessor with minimum/maximun detection and background sub-
traction.

Develorment of an image enhancement algorithm which processed
digital scene data to enhance edges and further remove slowly
varying background. This algorithm served a dual functicn of image
enhancement and data compression by compressing image data from

8 to 6 bits.

Digitization and storage of data in an airborne recorder for

subsequent playback in a ground station.

Development of a ground station for image plavback, reconstruction
and reproduction. This station included a digital playback deck,

a digital/analog data reconstruction unit and a laser beam recorder
for image reproduction and processing on five-inch dry silver film.
Once fabricated, this system was installed in a Cl4l aircraft and
£light tested. The installation included modification of the
aircraft to replace the crew entrance door with a 29 inch diameter
optical window. Flight tests totaled 73 hours in 23 separate

flights.
4.3 TEST RESULTS SUMMARY

Flight tests of LOREOCRS demonstrated the abilitv cf siliccn based
TDI-CCD cetectors to double the effective working range of a
conventicnal film reconnaissance camera in mcderate and heavy
haze. Identificaticn of aircraft was achieved at 30NM slant
rance with moderate haze producing an image contrast cf£ 1.006:1.
Identificaticn of vehicles was achieved from 1234 at an image
centrast of 1.02:1. Both ccntrast levels were substantially
belcow the limit cf a £ilm camera (l.l:1). See samrle photes
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(U) Development of a new, large format (1024 x 64), siliccn, TDI-CCD
detector array which was required to improve the signal-to-noise

ratio of the collected image data.

4@y Development of an assembly technique for optically butting together
many CCD detectors into a single long array with as many as 18,000
pixels, with subsequent fabrication of a 6000 pixel (six chip)

array for use in the camera system.

~&y Design and fabrication of an £/12, 144 inch focal length lens
optimized for MTF over the entire silicon response band (4500 to
9500A°) to the edge of its field. The lens provided a wide, 5.7
degree, field-of-view plus a telephoto ratio of 1.5 for compactness.

(U) Development of a sensitive temperature stabilization system using
thermocouples strategically placed throughout the lens barrel and
air circulation system. This system was designed to stabilize
camera temperature to within one degree of ambient for any
ambient between 55°F and 80°F.

(U) Development of an auto focus system which cptimized infinity camera

focus, over the silicon spectrum, for any combination of pressure
and temperature. The pressure range varied from ground level to 1JK
feet. Temperature from 55°F to 80°F.

;77 ‘\
A
T
. '1

[ |

L) Development of a system for automatic camera pointing kased on

inertial navigation data. This system performed computer

calculations based on aircraft latitude, longitude and altitucde plus

camera pitch, roll and yaw to determine the correct pcinting

s

.
o i® Ll

angle of the camera scan mirror for target acquisition. Up to two

hundred target locations, in latitude,longitude and altitude,

.

could be entersed into the mission memory.
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CONFDENTIAL

4.0 SUMMARY OF TASKS AND RESULTS

1.1 INTRODUCTION

we@pme The cbjective of the LOREORS program was demonstration of the

(U)

verformance capability and performance limits of charge coupleé
device detectors, operating in the visible to near infrared
spectrum, for long range reconnaissance. Adequate demonstration
of this capability required the fabrication of a flyable brass-
board camera system and its subsequent test. To this end, the
tasks outlined in the following paragraphs were performed. In
total, they formed a substantial effort designed to verify the
ability of these detectors to provide useful intelligence data,
under heavy haze conditions, out to a slant range of 30 miles.

These reguirements were translated, on a theoretical basis, into
a set of performance goals for the LOREORS system. The theo-
retical goals included:
O Operation between brightly illuminated and
cloud shadowed targets.
o0 Demonstration of one foot GRD, with 30 mile
slant range, from 30K feet, with an image contrast
of 1.00125:1.

In crder to demonstrate this remarkable capability, the following
subtasks were identified and performed.

Fos
[\

TASKS INCLUDED:

Develcpment of a side cbligue camera system (designed to operate
frem a medium tc high altitude platform) from which imaging

data was cocllected in a sectecr scan panoramic mocde.

70
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complete image is composed of 12 800 lines. The LBR converts these
data to a hardcopy image by writing with the cocherent light beam
on a dry-processed silver film. Annotation data for the scene

are included as part of the digital data processed thru the Data
Processor to the LBR for inclusion on the final image display.
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and can be examined by the operator from the DATA inguiry
program while "SCANR" is running.

"SCANR" will automatically start & stop the video tape recorder
when regquired. It will initiate the program GTEXP to perform the
exposure determination and the CCD calibration data transfer at
approximately 5 seconds before the start of picture taking.

"SCANR" also starts and stops the picture scan and the data logging
during picture scan. After all the targets have been processed,

LOREO will terminate "SCANR".

3.2.7 Ground Station Image Reconstruction

Reconstruction of the airborne tape recorded stored image was
accomplished in the Ground Station which is equipped with a
Playback Tape Deck, a Data Processor and a Laser Beam Recorder.
Replaying the digitized data from the tape vlayer into the Data
Processor, the original image was reformed by recombining the

high and low spatial frequency components of the image data.

Each unsharp 8x8 matrix average of original data (low frequency
data) is multiplied by a interpolation factor tc remove processing
noise. Further low frequency filtering is perZormed by computing
the average of 4 adjacent 8x8 element areas and using these new
average values as updated unsharp data. This reformed unsharp
cdata is then added tc the sharp data to obtain an edge enhanced,

cempressed range scenic reprcducticn.

Prccessing is performed simultaneously, in parallel cn each of
six data sets. This final image data is then placed in z buffer

memcry until recalled for readout.

Zuring readcut the laser beam recorder recuires 38-nit carzllel
woris Ixrcm the Data Prccesscr. The six sets cf datz ars rezd cut
serially tc tha2 L2BR as six 10624, 3-bit words ver image lins Y
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Similarly to remove power from the system a "DOWN" command

must be keyed in. A list of devices to be deenergized will be
listed with a procedure. Execution of a space and carriage
return combination indicates an end of the power down subroutine.

3.2.6.3 Sensor Computer Control

A MISSION command is used to start the imaging control program
called "SCANR". This "SCANR" program, which will run concurrent
with the "LOREO" program, enables the presighting of targets
imaging, and target processing. I/O data is also entered into
the system common memory on a regular basis for later retrieval.
After a series of preliminary initializing TDI program questions,
which must be answered by the operator before proceeding, the
system will be placed in "SCANR"; an automatic program for controlling
the Sensor movements for pointing and image scanning. Target
parameters will be automatically acquired from the various system
memory sections and pointing angles computed. The Sensor FMC

& Scan gimbals will be driven to the desired orientation with
respect to the present aircraft location and altitude.

Program "SCANR" schedules itself every 40 msec, each time executing

cne cycle consisting of; 1) reading navigation data from the INS

system, 2) reading encoder positions, 3) calculating desired servo

positions or rates, and 4) transmitting servo drive commands to

point the Sensor at the target or to perform an image scan.

At the conclusion of each image scan, the program acguires the

nevt target and repeats the process until all targets have been
ted. Wwhen "SCANR" 1s in the pointing mode, the servos are

sitioned to the calculated angles. When "SCANR" is in the

scanning (image acguisition) mode, rate equations are solved to
ta2rmine the FMC & SCAN rates. These angles or rates are converted

tz serve cutzut commands and sent o the ©MC & SCAN servos.

The2 INS system, LAV data, encoder cositions, altimeter rs

a
nd the IRIGZ TIME values arzs stcred in common memer by "SCANR"
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INVALID COMMAND: TYPE "HELP" FOR COMMAND LIST
The "LOREO" program is self instructional and is organized to [
assist the uninitiated user with the assumption that the user ‘j
understands the system operation. A "HELP" input produces the ?4?
Command Summary on the CRT screen., The operator may terminate :
this "LOREQO" program at any time by executing an exit command,
/Z; this returns the computer to the operating program. i%a

A set of safety interlocks have been programmed in "LOREO"

to protect the system from Sensor damage by improper or conflicting
I/0 instructions. These interlocks are stored in the system

common memory section and are unaffected by exits or re-entries
into the LOREO programs. Interlock status can be examined by
issuing a "STATU" command through the keyboard; interlock flag

status will be displayed on the CRT monitor. The five status

flags are: System Power Up, Mirror Caged, Mission In Progress,
Logging On and Recorder On. A simple "Yes" or "No" statement is
displayed as the status report. The compressor air status and

the current target number in process are also displayved. Interlock
flag status information is important because certain system
commands will not be executed unless the flags are properly set.
Table 3.2.6-2 outlines the command interlock combinations reguired

for given commands.

To apply power to the Sensor system the operator uses the "UP"
command. This produces an operator checklist and secuence cf
rrocedures instructing the user how to apply power to the eguigment.
Crcn completion of this sequence, the operator must tvpe in a space
and a carriage return on the kevboard. The air compressor status
will chen be checked. 1If the air status is faulty, a fault

messace will pe displayed and the sequence will be stovped;

ctnerwise %thls gregram routine ends and raturns to the main LOREO
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I/0 interrupt processing priority is allocated by device speed or
urgency need. Highest priority is given to the Time Base
Generator (the system clock). The three general interfaces are

at the next level; the Servo/Navigational, Autofocus/Exposure/Tinmne
and Video Processor. The ssytem disc has the next lower priority
followed by the system, CRT console, the data logger and finally

the line printer.

3.2.6.1 Memory Assignment

Memory mapping for all software programs is performed with
HP's RTE-III (Real Time Executive) system. The computer can

address only 32 pages of memory at one time. The LOREORS system
has 64 pages of memory which are subdivided into a common memorvy,
accessable to all programs, a resident memory, only for the
computer and a System Available Memcry (SAM), only for LOREORS

svstems programs. !
o
3.2.6.2 Command Program S
>
Access to the LOREORS sensor System is provided with a program .’

labled "LOREO". To operate the Sensor the user types-

*RU, LOREO

on the CRT console keyboard. An operator response is then
recuested by the program with a orompting statement appearing
e on the CRT screen, such as-

.’ji:-fi SYSTEM COMMAND?

Acceptable orerator responses are listed in table 3.2.6-Z,

’ Command Summary Table. The complete command word may be tvred ~

L)

.
AR R D P

- in, however, the computer responds onlv tc the first two
characters, When an illegal command (not included in the ccmmand e

et) is keyed 1in it will not be recceonized and the fcllowing

Ul

o
1]

rror message will te displaved: -
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A PO

e
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Command
DOWN

UP
CALIBRATE
AIR
TARGETS
POCUS
SERVOS
DATA
MISSION
ABORT
UNCAGE

FIX

UNCLASSIFIED

Power-0n

ves

no

yes

yes

yes

yes

yes

Mirror

Caged

yes

no

no

no

no

no

no

TABLE 3.2.6-2

COMMAND INTERLCCKS

UNCLASSIFIED
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Mission in
Progress

no

no

no

no

no

no

yes

ne

no
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INPUT
8 BIT

0-11
12-32
33-48
49-60
59-69
70-76
77~-82
83-87
88-91
92-95
96-98
99-101

102-104
105-106
107-108
109-110
111-112
il3

114

115

lle

117

18

119

120

121

122

123
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ouTPUT
6 BIT

WOV =N O

e
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e
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o
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INPUT
8 BIT

129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144-145
146-147
148-149
150-151
152-154
155-157
158-160
161-164
165-168
169-173
174-179
180-18%6
187-195
186-207
208-223
224-255

CUTPUT
6 BIT

e
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As the title implies the UNSHARP data are subtracted from the
CENTERDATA which tends to emphasize video level changes or enhance
high frequency data. These new data, labled "SHMUNS" data, are
transferred to an 8 to 6 bit Converter circuit.

3.2.5.4.,7 8 to 6 Bit Converter

The function of the 8 to 6 BIT CONVERTER is to compress the 8 bit
SHMUNS data to 6 bits. This compression is necessary because

the capacity of the tape recorder is limited to 6 bits per pixel.
This function is performed with a 256 x 6 PROM programmed as per
Table 2.2.5.-6 below. The 8 bit SHMUNS data are used as the

adcéress for the PROM. The 6 bit output (herein referred to as SHARP)
of the PROM is formatted and then recorded on three adjacent
channels of the tape recorder. This SHARP signal, and the

UNSHARP signal recorded on channel 19, are used by the ground - -.!
station to reconstruct the airborne picture.

3.2.6 Computer Subsystem

Centrol of the LOREORS System has been totally automated and
programmed for operation under computer Control. The LORECRS

Computer Subsystem consists of an HP 1000 minicomputer utilizin Tf}f

(4]

n HP 7900, 5 megabvte disc. (This disc was selected because

cf izs prior history of usage in the aircraft.) Supporting L
oseripheral equipment consists of an HP 2645 CRT terminal with S
zassette drives, an HP 2631 line printer and several interface TN

configurations for the multiplexers and processors in the senscr
equipment. OCne universal interface is used to multiplex servc and
navigational inputs, a second multiplexes autofocus, exposure

and time data and a third interfaces the video processor over a
2¥a iink., A pbreacdbcard interface is used to mcenitor the air
ccmpressor operaticn. A Fluke Data Legager, which scans zhe

Sensor thermoccucles, uses an RS=-222C link via an asvynchrencus

L2.6-1.

“UNCLASSIFIED




" gl ¢

L el e s r

" A

AR

UNCLASSIFIED

*bay
XTi3en
8x8

N

w, ., P . v, f [ SR LN C o I | | 4
o L . s SN ' N ' Jf ..‘.... ! . ‘
[ .4‘.,. Yty .._ b # ’ . ) S " i f oo ‘ .-..\.. o A..;
VYU aQUVISND o
LR
G-G T ¢ HINDI R
....
- .
1 .-W
AMOWN .4
[ 0d 1. -
...-4-“
11 X 8 Ny
. - ()
- - h om— ’ ...
(-) —— p dHLSIOAY | o "
N worovwians LI bl 7p) R
vo g g
L - . ) ;
- i
] O
Z
= R
M , T LOANT B
INdINO | b . (+) YALSIOHT |, ... . 7
LId b1 , qAaav Ao arg t1 [ TIXEA NN |
LT0T m,o o 1 ,..
ANA T+ MNA I+ - C
hZot Nm 1ot : .4
- - - = AYA I + AVA = HS,JUIAY TYINOZ TNON 7o
. .
K
3
—1\.A
;nl
.y
=
‘s
. b\.l» .\}.EV.P-. ...h..&h?u.;.k».ﬂi .lb ' ..-l oL bt -_P P..hrﬁ. "




L g8 i i i et - al aiine Ui A R e of At

=

mpew The pchoto shown in photo sets 4-1 and 4-2 also help to
illustrate the pointing accuracy achieved by the LOREORS
sys

P4

tem under inertial control.

@ The four versus sixteen integration pictures were taken
aprroximately 40 minutes apart. In each case, the test air-
craft had flown an octagonal route which required 40 minutes -
to complete. On successive passes, the overall pointing (
accuracy to the middle of a frame of imagery was 300 feet at
15NM. This error is primarily accounted for by drift in the

inertial navigation unit on the aircraft.

Wepgwme The advantage of TDI detectors in obtaining intelligence infor- T;
mation where film or single-line linear array CCD detectors could '

not was demonstrated in the preceding test results summary.

asmddibey The introduction of the TDI concept enables data collection to
long ranges, whare atmospheric haze would normally create a barrier.

The integrating capability however, increases the camera

sensitivity *o uncompensated motion. Maximum integration time

1 -

for the LOREORS system, using 64 integrations, was 50 milli-seconds. *
Most imagery, taken within twc hours of noon, required 16 in-
tegrations to produce half-saturation in the CCD detector wells
{500,000 electrons). At this level, the camera exposure time was
1/80 second. This is about twelve times longer than a film
system. At the limiting (NYQUIST) resclution of LOREORS, 11

micro radians per line pair, uncompensated motions would have to

. P .-,
St
P ot e
o e e
L [

be kept below 440 micro-radians per second in order to insure that
MTF at the limiting frequency would not be reduceé by more than !
64%. This is about one third of the level achieved in a good
lonc focal length film camera. Operation at 64 integrations
would reguire stabilizaticn still four times better.

74 N




,
p
L0
'y

-

T e e,

M I
' ®

-

Ty

C

- =
aighd .'\.?*\7_ S
R

SIXTEEN TDI INTEGRATIONS

PHOTO SET 4 1

& 'UNCLASSIFIED

t' . R L L, L - AR ek o v Y




. il PR LEMCEAD R A « e T T VTANTSTN . ‘i M S . ~ Sl sant Aail Sl Sadh Al Aadl B I G A0 RNt 0~ R gt Adh N B

SIXTEEN TDI INTEGRATION

PHOTO SET 4-2

UNCLASSIFIED




.

— oy ',.x..r.“

P e Rile AN AR N Mt el vtase wadh vt ekl S il Sadh it e I e R Sl Yl Sab il ShAL Ml Sl AL e e T T S R

CONPFRENHAL

This fact was realized during the design and fabrication of
LOREORS and provision was made for the best gyro stabilization
possible in three axes. By calculation of gyro errors, this
capability would still fall short of that required for 16, 32,

or 64 integrations. For this reason, a novel method of stabil-
ization was developed for use with LOREORS. 1In this system,
residual motion errors were detected using the focal plane image
itself. TDI detectors offset by cne sample line were placed in
the camera. Algorithms were developed which could sense image
motion in two directions based on the output from these detectors.
This signal was to be added as a correction factor to the roll,
pitch and yaw compensation servos. This concept was developed
and proven in the laboratory and built into the LOREORS system.
Due to time and budget constraints, however, proper test and
activation of the system could not be performed during the course
of the program. Fér this reascn, resolution in the camera was
limited by the stabilization.

Niy
o>

CONCLUSIONS

The utility of TDI detectors for extracting intelligence infor-
mation at long slant ranges was readily proven by LOREORS. The
resolution limitation of the system was shown to be determined
by the degree of camera stabilizaticn achieved. Operational
variants cof this system can be improved by introduction of the
electronic stabilization technique and decreasing the camera £

nrmber as much as practical.
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APPENDIX A

! TECHNICAL REPRINTS
!
L

All of Appendix A is unclassified
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A large TDI focal plane assembly with an optically contiguous pixel format
.- Henry Sadowski and William Dugger

. {maging Systems Division
Fairchiid Camera and Instrument Corporation
- 300 Robbins Lane, Syosset, New York 11791

Abstract

A 6144 X 64 oixel focal plane assembly has been constructed incorporating six 1024 X 64 Time Detay and Integration Charge-Couoled
Devices (TDI CCDs) in a beam-sharer configuration. The beam-snarer approaches 100 percent efficiency over the format, compared to a
maximum 50 percent efficiency for a conventional beam-sptitter configuration.

The TD!t CCOs have 20 X 20 micrometer pixeis. The focal piane assembly is constructed so that the pixeis are contiguous at the opticai
“Sutt’” between cnips to within 2 micrometers and straight within a 6 micrometer error band over the entire six chip length.

These dimensional accuracies were achieved using a precision alignment apparatus developed for this purpose. In a8 way similar to a
comparator microscape, its optical system provides simuitaneous overlapping fields of view; one incorporates fixed reference lines while
the other contains a view of the CCD chips. A mechanical micro-manipulator is used to provide precise control of chip motion in three
degrees of freecom (x, v, d) for each of the two CCD mounting pianes.

The moduiar focal piane assembiy technique makes practical the fabrication of large-format, gapless configurations of high optical
efficiency. Both the assembly technique and methodology of subsequent repair (replacement of chips after some period of service, should
that ever be requirea) are cescribed in detaii.

Introduction

Ziectro-optic imaging uzina rharge-coupled devices (CCD) is finding increased application to long range aerial reconnaissance systems, 1
The CCD has a greater dynamic range than film which, when coupled with electronic video processing, permits contrast enhancement and
subsequent image rencition well beyond the capabilities of film. High sensitivity of the CCD in the near infrared spectral region provides
haze-cenetration as 'weil. Moreover, imagery can be obtained in essentially real time at remote ground stations through telemetry. Time
deiay and integration (TDI) techniques permit the application of CCD sensor systems to low light levei scenarios.2

b Current CCD faprication techmigues impose practical fimits on the number of photo-elements (pixeis) that a single monolithic device
~f may have. This limitation derives from the “yield"" of the manufacturing process. While large silicon wafers can be fabricated, the yield
N of satistactory CCOs from these wafers becomes vanishingly small as the length and/or area of the individual CCD increases.

The TDI CCD used in the fabrication of this focal plane has 1024 pixels, each 20 X 20 micrometers.3 Reconnaissance systems reguire
many times this number of pixels; these requirements can only be met by assembling many devices into a focal plane that approaches the
equivatent of a singie large monaotithic CCD.

The beam-sharer focal plane

Saveral techmdues exist for 2ssembling a series of linear CCD arrays into a focal plane to form an effectively contiguous line of photo-

P ciements, These tecnniques may be categorized as mechanical, electronic or opticai butting.

.

8 In mecran:cal cutting, the CCDs are placed physically next to each other, end to end, on a common piane. To accemplish this eacn CCD

- ~yust “ave near perfect, active pixels at its extreme ends. The current state-of-the-art in CCD ‘abrication is not canable of producing such

- CCCs. Thus a mecramicaity butted focal plane wiil have two or more defective or missing pixels at each Dutt.

~,

3 ‘n the case of 2iectranic butting, the CCOs are mounted on a focal piane in staggered bilinear rows with the end pixels sligned put Sis-

) ~i30e0 ~ tte nrecticn o imaae mot:ion, The cecona row fills the gaps ' in the first row. proviced enough eiectronic celay is avarlabte in

', sma carm of masmary. TS memory reguirement can bie Guite substantial, amounting 1o pernaos 200 or more tines of cata. Further™ore,

‘. sma ptéact.ya nixel tOnt:quity mav be affacted by image motioN and. or distortion whicn may Occur Suring tha celay time. Thisis a con-
saquence 3t Tne “3Ct that 2ach row 15 not gotically contiguous.

i Tre cammon 0otical techmaue for achieving cont:guous pixet focal planes is the use of a beam-spiitter. but, this forces ore to throw

¥ 1@y mora tman naif af *re .ignt. However, for optical systems with reigtively modest numerica: aperture, 8 beam-snarer can be used wnicn

) ) Ltiezes airtuacy 38 cercenrt of the nght., The beam-snarer focal biane 1s shown in Figure 1. its construction is simijar to a beam-soutter

= v cent trat tre ysuar nart-aily reflactive, transmissive ccating is replaced by aiternating fuliy refiective ana transmissive surfaces. Trus. ~e

S neam-snarer cansarves neariv ail of the light.

! “-~a STCs are cemanteg to the outout ‘ac2s of the beam-snarer fas in @ beam-splitter; with tne -ast ano *:rst pixel of successive CC2s
100 Cativ DUTTEA T T30 5 ToNtIgUOUS Dixel focal nlane. However, thare is an adeitionai Mounting ~sauirement. The Sixer bouncaries

F. zetveen suncess.ae SCOs mMust noMminaily nneud with the corresponding boundaries of the refiactive and transmissive surfaces.

UNCLASSIFIED

. ' e e s . “ ottt R I T Tt I TR R PR )
o S o A_‘- s “° UM Y S - et R S e A S I

- e e - PAATCIR
DI AP WL A ST AT AT Uy WA St . S W

PO e ) . ' A e
PP RS A . U e WA R W, W Wy o




Lot EU - B JR S e v v ame ) had b A oo i gl e SN

UNCLASSIFIED

R Thewiath of eacn reflective transmissive surtace is nominally equal to the active choto-lengtn of each CCD. This dimension 1s moaified
. 50TV Ly tne 'ocation of the exit puni! of the cbject:ve iens, the nature of the optical svstem and the beam-sharer's materiai ang cimen-
! sions. Procer alignment is achieved wnen tne reflactive, transmissive surface bounaary ties on the cnief ray whicn reacnes the corresponding
o counaary oetween successive CCDs.

Boundary effects in the beam-snarer

As snown in Figure 2, tne beam which fails on the boundary of the reflective and transmissive surfaces is phvsically diviaea or “‘split’".

: The fiqure 1.lusirates a beam wnicn is centered on the juncture resuiting in 50 percent transmitted and 50 percent reflectea iignt. Consider
wnat rappens wren a beam of light, initaily in the fully transmissive region, moves across the refiective boundary. Starting at 100 percent,
E Tne transmitted component beqins 10 diminish as the reflected component increases from zero. The number of pixels affected by the

ocuncary aecends on the dimensions of the beam-sharer assembiy, the beam-snarer’s refractive ingex and the relative aperture or F number
- of the cojective lens,

1/2 TRANSMITTED
s FULLY

’ TRANSMISSIVE

i SURFACES

REFLECTIVE

SURFACES
CCDS ' & 3 RECEIVE TRANSMITTED LIGHT CONE OF RAYS FROM
CCDS 2 % 4 RECEIVE REFLECTED LIGHT l \ OBJECTIVE LENS
Figure 1. Beam-sharing focal piane arrangement. Figure 2. Beam-sharer boundary effects

Flgure 3 shows the “'shading’’ of refative illumination on each CCD in the focal nlane which results from the bouncary effact ‘or tne
supiect ceamesnarer, This peam-snarer was c2signed for an F,12 objective. !ts cross sect'on was one inch by ane inch maage of ZKN-7 glass,
= e CCD image piane 0.285" from the su-face of the beam-sharer. It can te seen in the figure that oniy 24 oixe's 2t 2acn enc of 3

4 ziement ine are aifectec at 3l

¥ Trare gre tao wavs of dealing wath this “shading”’, Ore way is 10 overlap the CCOs by 24 cixels on each sice of the counagary and
nCa Cu™M The gutput vides Tor corrasponding refiected ang transmutied cixel sawrs. This wouiC De 2quivalent o conserving

el thonly 3 si.ght \ncrease in 21ectranic noise and a stight loss of MTF for tne sixels near *he poundarv. Tha sirer way of
~2 soundary 9tfact 15 10 3cCent the fght 10ss 3T the Hounaary anad correct the shEcing ny 21eciron ¢ means.

$Uma gUlEC tecrreque wMET was uliizeg sirce Jectromie correcTion of e CCD cars signature NG 2nOtC rasgonse Mop.Lrita ety

o aremtag The caigrive i L SPICh ~eans tea cang o~
2 2T, 213nve i

)
s razuCen ny Thes 2 3L TPe noungary, There s a smatl 055 'n ATF 3:ong tne COT axis f0r TRe 0.xe2iS W 1T COLAAry 20N

roms tma m,gan af tne ettagctue sperture.

TOVCCD irmager

i 4ctuls, 3s3een n Fegure 4 otoe actve anatn s 1030 prxers wite 3.1 2 no3quec oixe's 360aQ 3t eacn ena

tar= cmrarsnce far DC rastoraton  Thev re 0cated st Loth encs beCause The OulsuT Transtar tagistar £30 e locnes
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The reason for 1030 active pixels is 10 provide 3 aaditional pixets at each end of the 1024 imaging pixeis. This avoids apruot end effects
sne assures uniform crosstalk at both enas. Figure 4 also snows a pair of fioucial marks wnich are aeposited during first metaitization to
zetine the 1024 image pixels. The fiducials are required because the cnannes barriers were ion implanted and the pixels themseives are not
asiole.

The numuoer of inteqrations can be controlied by means of exposure control taps. These tans permit 1, 4,8, 16, 32 or 64 integrations.

Qotics for focal plane alignment

The phtiosophy ungerlying the alignment of the CCDs in the focal plane was to bring aajacent fiducials on the CCDs into registration
w1th each other ana keep all the fiducials in a straignt line by optical comparison to a master reference line. Figure 5 shows the opucal
system used to accomplish this task. The beam-sharer and a datum scaie containing the master reference line are mounted parailel to each
other on a sliding index plate. This plate is arranged 0 slide on a flat work table. Successive CCD positions on beam-sharer are indexea
over verticai or horizontal fine motion mechanisms (micro-manipulatcrs) used to align the CCDs. The vertical mecahnism mounts the
rransmission CCD on the bottom of the beam-sharer through access holes in the indexing plate; simiiarly, the horizontal mechanism mounts
:ne refleczion CCD on the side of the beam-sharer,

Asseen in Figure 5 wo microscopes are arranged such that magnified images of the datum scaie and the CCD can be viewed simui-
taneousiy overlaig on one another. The iilumination of 2ach channei can be separately controlleg so that, one channel at a time can be
viewed, both cnannels simuitaneously or each channef alternately in rapid succession. For example. when doing the alignment of the
CCD burtt. only the CCD channel is illuminated. However, when the CCDs are aligned for straightness both the datum scaie ana CCD
channeis must be iluminated.
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The catum scale TICrosSCoDe s essentially equivaient to the American Opticat Microstar® microscooe. Thus type of microscooe was
12510RA 3§ @ 128CTING MICTOSCoDe system, it offers the flexibiiity of 2asiiv manipuiating the optical length ana system conrigurations
sTnout Cranging the magmiicauon or reawring relays. The flexibility of the svstem stems from the fact that the opiective :n this micro-
$C0Te Works autn an infinite cemugate, Thus, the tube length aoes not affect tne magnification as in a conventionar microscope. An A-Q
“ierostar ® trinocuiar neac s usec with 10X oculars. This nead has a 7ete-ens which makes the nedd aquiva:ent 10 3 Te1escoe Wwitn
croxamarziy 7X power.

B

for tne gatum scale channel, 3 20X opjective was chosen resulting 1n a 200 power magnification, There is a peam-solitter above the
solective wnich serves to :ntroauce itiumination to the datum scale. Further along the opticat path is a cupe-type beam-spntter wimen
compinas tris opticai path with that from the CCD focal piane. The remarning path 's a series of mirror folds that perm:t the A-Q head to
e maurted at a jocation convenient for the operator.

The CCD microscone channel required a different design. Since the beam-sharer was one inch thick, a iong working distance objective
's mecessarv 'n conjunction with a hign system magnification. A further requirement is that the numericai aperture of the objective must
ne n:gn 2rougn 1o oreserve resoiution. The objective chosen for this channel combinea a S0mm F 2 microfilm lens with a custom
85120 3D1anat ¢ Corrector ‘ens,

Traa0egnalic corrector was macge of a low index, tow dispersion glass 3na was cesigned to correct the aberrations asscciateg witn the
AR nen ek KN -7 heam-snarer primaruy spnericai, coma and longitudinal color) as we!l as residual aberrations of the microfiim iens.

Sucotemental magnification was provided by means of the 8 X 32 maonocuiar telescope adjustea for infinity focus.

The averad magmificat'on in the CCD channel is about 280 which is nigher than that of the datum scale channei. Thus difference in
magn)iicat:on posec no orcoiem in ahgnment. Focus on the datum scale is accompiished by moving the entire microscope assembiy on
a serticai sude to whicn the assemoly is mounted. Once focus is achieved, the assembly is locked in place. An ingependent focus control
.vas proviced for the CCD cnannet objective with sufficient range to focus on the reflective;/transmissive boundary anywhere in the prism.
The focus motion umiformity ana perpendicularity was held within 1 micrometer for the 35 millimeter focusing range. This accuracy was
~equ red to position the ecge of the ‘irst CCD heing mounted under the beam-sharer's middle reflective transmissive hounaary as outtined
n tne foca! niane assemoiy srocecure,

Mechanical features of the alianment apparatus

~e -asie whicn hoids the ‘ine mot:on mecnanmisms, datum scale and beam-snarer mounting plate s itself mounted o the platform of

a orec:sion gringing machine. This platform provides gross motion 1n X ana Y coorcinates sucn that orthogonaiity and planarity are within
00002 in 12, The cual field comoarison microscope is mounted on the vertical slide in piace of the normal grinding soinale. Thus, micro-
scoone ‘ocus is accempiished :n tne Z coordinate with similar orthogonality. An :ndexed mounting plate on the taole surface contains posi-
S.omeg Blocks anc toiding ciamos for Soth tne datum scate and beam-snarer. Tccentric cams are crovided 10 adjust the datum scale into
sarad2rsm with the beam-snarer. Once the relatiansiip of the datum scale to the beam-snarer is achieved, it remains fixed througnout the

3 'gnment ana asserrbly orocsaure fsee Figures 6 and 7).

T2 peam-sharer desigan requires CCOs mounted in orthogonal planes. Because of this, dudlicate fine motion mechantsms were provided.
Tha mecnan:sm that mounts tne transmussion’”’ CCD aliows fine motion in the X, Y ana 1 coordinates as definea in Fiqure 8. In aadition
3 150-5120 pIUNge Mmotion 1§ Drovided along the verticai (Z) axis. This permits ioaaing tne CCD underneath the :ndexinc plate and then otung-
ng 1= CCD Lowaras to «within 3 few thousanaths of an inch of the beam-snarer. After pretiminary alignment, the CCD s carefully moved
‘AT IDr.NQ--0aQed CONTACt vitn tne ceam-snarer face and final alignment is made. The mechanism that mounts <he “'refiection” CCD pro-
ar2s fine rotion tn X, Z 30 coordinates with a similar piunge acuon in the Y 3xis.

~2 g moteor in tne X, Y ang Z axess contralind by a diffarential scraw for eacn axis. Fine angquiar motion «n the r ard  axes s

2V 1angent screws onerat:ng stout the 2 and Y axes respectively. The vert ca! iZ) axis 1s normai to tne ransmissior outnut ‘ace

~.gnarer anre e Y oaxis s ~arma o re retlection output face. Vlotior of e raspective CCOs in the £ or Y cirections (tne

‘on raterrec 10 3Dove | 5 erfarred by a retractable olunger, which crovices soring 10acirg 1o ho:d the CCD acairst tme beam-
TRe CLD. amen § Tounteg o cuadl n-lice ceramic neacer s ciamped o the 2na of {me piunger sratt Sy means of 3 scecial

TR Camping foIcres. T s T.ate s temporariiy attacneq 10 the base of e neader witn EK910 ang s ramoven aftzr assembiy
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Zonaananity

2 recuirea coolanarity of tne CCO s acnievea by the use of a special ceramic heager 10 whicn the CCD cie is attachec. Figure 10

s & Cross secton of tre package. Curing tne faprication process. the heager s subjected 10 Mign temgperatures, 2.9., firing the ceramic
3,805 276 Drazing Of the DINs ana moivoaenum sSase. Once these operations Nave peen compigtea, the bottom surface of the molvocenum
§urouna *iat anc caraliel to the uooer surface of the moiybcdenum base which s the gie attacr area. The 100 surface of the ceramic
smen arouna fiat ana parailel 1o the botiom surface of the moiybaenum vase. it 1s This ceramic wincow ‘rame surface

2 outpul face OF the peam-sharer. <hus, determining the CCD location retative 1o the beam-sharer s surface. The co-

2
Loracw frame s
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Cemerting tne CCCs 10 the neam-sharer B

SR

After mitia coarse cositioning of the first or any suobsequent CCD, the indexed mounting plate with peam-snarer is moved out of the s )

nay. Tre CCO s removea ‘rom its ciamping holder ana an ultraviolet curing, polvstyrene adhesive is applied to the ceramic winaow frame ST

srea. Tne CCO s rentaced in the holder and the indexed piate is returned to its alignment position. The fine aiignment of the CCD is then - ;

compiatad, Foriowing this, the gross motion platform is used to move the entire assembly tabie out from unger the microscope. Ultravioiet - =
Lwumenaton s then 3ogtieq in order to cure the aghesive.

Ainring tre rest of e CCOs -

S

Eacn subseguent CCD 1s then aligned to a previous CCD aireagy cemented 10 the beam-sharer using the agjacent overtappea figucial "

marxs as snown 1n Figure 9. The fiducial at the other end of the CCD !s then aligned to the datum scale reference (ines to control B

faraiiensm. - °

The niacement of the other CCDs proceeds outward in either direction from the center in orcer to split the total accumulated error over e J

tne entire array assemoly. ' . ,1

el

Removal replacement of 2 CCD . .',a

n *me eyent that 't shouid De required, a remova: Technicue nas been develobed whicn simpiv involves clamping a silicon rubber dam g

3roura tne particuiar cevice and filling it with a soivent. This tecrimaue nas been demonstrated for the prototype out has not yet been
canuired n graclice.

‘
1T

Conclusion

Figure 12 shows the first prototype heam-sharer focal nlane assembly with six 1024 X 64 TDt CCOs. The effective focal olane is 6144
aixers 'ong with 64 integrations. All of the design goais for aiignment accuracy were met or exceeded in the prototype and subsequent
assemphies. The actual system operation of the focal plane has been fully characterized.

Saverat advantages are reatized with the beam-sharer focal piane assemoly. They are:

=ian ootical erficiency,

T-2 CCDs are ore-packaged and can te fuily characterizeg before zpplication,

Trme ‘ocat n1ane assemo!, s repairable since any CCD can pe removed and repiaced,
Sucn g focar miare car De made to inciude a large number of CCDs.

210 -

Trenesign of Tne ahignmenrt macrine ant:cicated the neea for 'onger focal planes in the future 3rd the required capacity was built :n,
This unit nas oroven o be gquite Tiexible. !n recent months, ‘T was used to assembie non-orthogonal, beam-soutter focal pianes, severat of
Anien have now veen compieted 'with eguivalent alignment accuracies.
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LOW-CONTRAST IMAGING

Ralph H. Wignt
Technical Director
tmaging Systems Division
Fairchild Camera & Instrument Corp.

Abstract

The evolution of etectro-optical sensors has caused a quiet revoiution in the imaging of low-contrast objects. In a practical sense,
even tne term “‘low-contrast’ has required redefinition, since contrast ratios such as 1.6: 1, which was the official ‘‘low-contrast’” for
onotographic systems, no tonger qualify as "'low’" for electro-optical systems which, by means of precise D.C. level background subtrac-
tion, can operate in the domain of contrast ratios around 1.01:1 and below. Since a contrast ratio such as 1.01:1 is below the contrast
resolution threshold of the eye, the invisible can literaily be made visible. This paper reports upon some of the fundamental constraints
olaced by nature on the development of such low-contrast imaging systems. It further describes the evoiution of the specifications for an
aqvanced technology Time Delay and integration {TD1) type of area imagery Charge Coupled Device (CCD) which is being developed to
meet oresent ana future needs for this type of electro-optical sensor system.

Introduction

The goal of ceing able ta thwart the natural conditions which limit the usefuiness of both vision and photography in extracting in-
formation from scenes of vanishingly low apparent object contrast has been pursued with only limited success for many years. The use of
short wavelength cut-off filters, for example, combined with the long wavelength end extension of photographic film sensitivity has
helped to penetrate the veil in cases where contrast has been reduced by wavelength dependent (Rayleigh and Mie) scattering. The intro-
cuction of infrared sensitive emulisions carried this photographic approach about as far as it could go.

Other types of imaging systems operating both in the visible and near-infrared portions of the spectrum (ciassified as electro-optical
imaging systems in this paper} and relatively tong wavelength infrared (FLIR) sensor systems have been developed which can detect,
guaritify and dispiay significantly lower “‘contrasts’’ than those possible with conventional “photography.”’ The common properties of
these systems which allow them to perform at low contrast include wide dynamic range and a high level of linearity. These properties in
turn atlow for subtraction of an absolute D.C. background level; effectively A.C. coupling carried to an ultimate extent.

It s not our intention to discuss F LIR systems at any length here. It is interesting to note in passing, however, that a hypothetical
infrared system that can “‘resoive’’ {at or near its geometrical {imit of detector resolution) a rather modest ‘least resoivable temperature
Hitference’ of 01"0(; agamst a background of 300°K, for example, is in a very general way essentially resolving an image with a ‘‘con-
trast rato’” of ¢ " or 1.003:1 - a rather respectable goal for a visible spectrum electro-optical imager. Extrapotation from this ex-
amoie mav pe used 'n oart to forecast the future of visible spectrum low-contrast imaging.

As il be developed subsequently, another key to successful low contrast imaging involves the required collection of sufficient
3uanta so that the statistical ‘‘noise-in-signal’’ can be overcome.

14 ane consicders a linear multi-eiement photosensor used to scan a scene in such examples as panoramic or strip mode cameras operat-

nq ‘rom an arporne platform, it can be shown that the exposure times needed to produce the number of signal electrons required for a
.se‘ur s:gnal to-notse quickly places limits on focal length, aperture, field of view. and ground resolution. The proplem is similar to the
one cosed .n the case of 3 photograohic camera torced to operate with an extremely narrow exposure slit. Perhaps not too surprisingly,
e answer es 0 the same direction which would be ingicated for the film camera. Namely, “"open up the siit width.”" 1n order to ac-
1M s tmas etectronically, a new type of sensor chip is desired — one in which image motion and the signal electron generation process
T3m e =ssentail, szatially synenronized, just as image and film motions are synchronized in a fiim camera. Such sensor chios nave been
.r22uc2d aiready, 3nd are undergoing continuing develiopment for ‘ow contrast imaging appiications. The ruaimentary princ'oles of ther
aceraton ard tne gevelooment of specification goals for a sensor of this type are presented subsequently.

Long Range Sensing
~ra v emae most srobabte 3pplications for low contrast :maging svVstems is in airborre reconnaissance witere the nroblem 1s ore of
Smes moenuserty nformation over 'ong siant ranges when atmgosoheric decradation nas reduced the apparent aniect contrast jvailanie at
smeoertranas pupil 9° the systam to 3 very jow vaiue. (tis the onject of the 2lectro-optical low contrzst imaging system 10 rendzr such
6enas 1SIn w

Sucn 2tectro-ooticat hign resplution image sensing at long slant ranges through the atmosohera s encumbered by atl of the classic
1rCses 91 PROCGrann c aenal reconnaissance such as the venhicie stabiiity, *he necessity of thermai environmental controi, vinration
. aton Tage Motion compensation, etc. Some electro-ootic sensors ‘among them peing charge couoled cevices or CCD's! are aiso
ncswessea of tne adthity to subtract a background ievel from a compination of background olus signar, wnich Dermits them 1o extracs
~raence from scenes in wnrch the contrast lever fails much helow the limit of detectabitity for conventionas ohatograpnic systerms
NP e rasuits from tihizing such subtraction techniques appear spectacular, there s no maqgic. Functioning systams Tust obey funai
astarrygical princioles. Since resolution, contrast rengition, coveraqe. and barawidth toasiaeritons f tha sugtem gt racoen or

cqm o1 tme most erficat ous compromise among these several “actors.
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Funaamental Perfarmance L.mitations

A% ctrer tmings being 2qual, tne spatial resoiution. measured Most conveniently 1 MiCro-ragians ger fine pair. avaitaole from an

-1@CTrG -ODTIC! SyStem wul be determinea funoamentaiv by tne diffraction aperture of the optical system emoloyeg. Alsa. the amount of
0T NRICT Mav e COUeCTEa (N J Given 2xposure Tume from an avlect of specifiea angutar sudtense witl be getermined solely Oy the dia-
mecer ot tna recenving aperture. Thus, wniie focai length may be scaled to accommoaate a variety of sensors or aetector 2iement sizes. il
fam3ins e gperture digmeter JIone wnich ¢ontrols Hoth the dotential response as a function cf spatial frequency i the opject space
MiCro-r3gians. e parrt ana the amount of energy coilectabie from an object of prescribea anguiar cimensions in that object space. (T
235V TO7 CONFUSION 10 arise apout this POINT, 3NG MOST IMEOrtant that 1t he discetied early-on n any system parametric design. Consider a
pven circular Aiffraction aperture A. For inconerent ragiation of a fixed spectral bandwidth the response of the aperture as a function af
“easQiuion * 1spatiar frequency) 1n the object space (converuently measured in micro-radians oer line pair! is constant regaraless of tre
‘ocal lengtn ana resuiting F-Numbper. As a further example, 12t us examine two optical systems both of aperture A, the first operating at
2 Zwith 3 sensor composed of 2 um square getector elements and the second working at F:40 witn 40 um square detector elements. For
3 qiven untform opiect apparent Srigntness i@vel, the image ilumination levels will vary by a factor of 400:1. However, since the larger
zetector atements nave 400 times the area of their smalier counterparts, ail things being equai, an equal numder of photo-electrcns wiil be
1ererateq cer detector cetl n either case. AlsO, in a Strip OF PANOTami¢ sCan Moae, the same anguiar image Motion rate wijl result i the
same ‘mage " iwell tme’’ for wither cetector, again resulting in equal photo-eiectran generation. 3oth of these factors !diffracuon fimita-
©10N aNG HaNT-CciiecTion adity) argue for use of the igriest cermissanie collective aperture.

Tha layel 5f resolution which ¢an D@ achieved with a qiven overall system, in agdinon 10 geépenging ugon the [imits set oy the ooucal
3perture, 5.0 part cetermined Sy the sensor characteristics, uncompensated image motions. ana the 1evel of correction of the optical sys-
term 35 well as by The degradation caused by vibration and the thermai anvironment. In addition, resolution is, of course, seen to be in-
=xtricably intertained with scene cortrast,

Charge coupled device tased electra-gotical cameras, in common with certain other types of electro-optical cameras, have an advan-
sage over nracnicai ‘iim based ohotographic systems in that, because of their large dynamic range and high linearity, it s possibie to
2ectromicaily suotract 3 uniform background ievel from the overall signal-plus-background, teaving the signal standing alone for sub-
sequent ametification and aisplay.

An innerent 3ssumption in the establishment of feasibility of such a background subtraction scheme is that scattering media attenu-
ite Sotn Mign ana 'ow scat'al frequencies in at least nearty the same wav and to aoproximately the same dearee. The idea here is that the
2%4act of the scattering medium 15 10 generally lower the response function curve ail over rather *han to lower it selectively at hugh fre-
Judrcies, Tre fiest sityaton 1§ rearesented by curves A AI, A ‘, atc. in Figure 1, while the second is snown 3s curve 8. The fact that
-~e zssumed condition is the mare nearly true one has been demonstrated :n many instances both for underwater experiments (Ref. 1)
ana 10 the 3tmoscrere. The latter situation is probabiy best described Hy Middleton in fus ciassic text Vision Throuan The Atmos-
orare (Ret. 2) from wrich the foilowing brief quotation seems appropriate. "The ‘ground giass effect’ seems 1o be founded on ponular
Setief. Thuyswas brought fome o the author a few vears ago when he saw a newspaper iillustration snowing a military exercise in the use
37 smeke torceaiment, Scme men were shown at various c¢istances in the smoke. Those nearty appeared in snarp outline, but fainter
sithoyerras of those 3 dittle further away seemed diffuse. The author was enough of a sceptic t0 call the office of the newspaper ang ask
*C @2 the Iriminal onint, which was duly removea ‘rom tre file, and proved to have been retoucned around the dutlines of the more a's-
£ant fgures 10 make them lgok mare natural. 'Nas ever 2 shotographer more susbicious of the verac.ty of nis camera? It goes without
saving that axistence of any ohenomenon s¢ generally accepted cannot be denied without a good deal of evidence.”

4 1crmoroiace experience which also iitustrates the fact that high freguencies are transmitted through scattering media is that of
AENIng the sun O Moon througn haze or fog. |f the obiect 's definaple at all. its eages are usually shars (containing high spatial fre-

we
sna 2w scatial ‘reguencies, it will 4o so at sometimes drasticailv reouced contrast s0 that cre eve, or conventional eleciro-optical svs-
cews NCUGt he unacie 1o extract significant detarl from the vieweg scene, By utilizing the overat! sighat-Dius-Sackgrouna, \tis possiaie

T3 sLsseguent!y amonfy the signal so thar the hera-to-fare invisibie scene s mage visible.

~gvever ust as the diffraction aperture places an impossibie-to exceea limit on the resolution capanilities of an elactro-0ptical svs-
sem 3rySical OFINCiDIes S0 Orescripe the iower ‘it oF Sontrast which can pe percewed sven with pertect subtraction. The abiity to do
1.77 D367 3r04N3 SLOTracton denends, 10 3 0ractical sense, Unon the eiement 1o element uriformity 0f the sensors coupied with the
*5 naividually fnaractenize and calibrats them, it 3is0 decenas on the umformity of the nackqrouna itseif an a nictura2-eiement
Lra.amant 5513 Taenmgues Tor making carged couoied gevice sensor elements yniiorm. ane for canbraung the™, Nave Haer
T 4rsT, 2T us 'OCK Gt TH2 Drodiems associated Wit the ynifermity of the Rackgrourkt, ang row TS

foet.3NC et nyentory T 8By

preici)

LATS M UTUSICE! T far Lantrast renaitign

SR TIPS 3T w3 EO0T0 AETRCICT NG QRCerate DrAlCwIecIrINs RS POINT 1N the TICNT NT0TESS LSy LINSTILLeS 1T Sre

s e e emnar 5 an@n T3 1aKes DIACE. ST DrIACTITAI DUFEOSeS, The LNCertiNty 1580Cianan Nt
R entrang 30 Te consinerad 0 t30ms of 2 P iS30N TIStNHUICN 30 113 the LmEertI Ny Iy D2 T3<et 35 1e
~510 A1RcTroAS Jerarates. TS tren COPSTITULEs The SNOT NOise of tre systam  in Jrmér tn Guartfy wrdr eue

Sotis Teen ann.en, Sers o

N emg .ass Of $vStem unaer Nvestinaton tTe worx rangried oy Scrace Reft 3t Tz
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Tmaram, mar S0 5 Tieeyginn me v JesCrte suan 3 $ine Sar 0f 2 tri-dar targat as 3 TACJNN seement o Trage

Ll TTA™Y G T, et 5P Cic2’T w0 CRCRNTEENTS 3 SiNIE NANTOMeTSCTSr S TN N the faneer ey, T
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Getting Enougn Electrons

The aoraty 10 collect sufficient electrons in small enough detector sites to provide optimum resoiution lies 4t the heart of the overall
resOlution ana contrast-rendition (ong range image sensing prot.em.

Unrortunately, uncer many of the real-world conditions addressed by the reconnaissance community, there simply doesn’t beatn t0
te 2nougn it to fuifill the quanta requirements of eq. (2) for low contrast imaging, if one uses a linear imager (a line of photo detectors)
3nag needs to provide a combination of useful field of view, resolution and electronic bandwidth. Soiution to the system problem re-
volves simplv around being able to obtain sufficient exposure at each photosite without unacceptable sacrifice of system operational
sarameters.

The T7.D.1. Concent

To circumvent the exposure problems inherent in linear imaging sensors, the Time Delay and Integration (T.D.l.} mode of image sen-
sor wvas conceived and developed. In a way, this type of sensor can be visualized as the electronic analogue of the exposure slit in a strip
or oanoramic moge of film camera. In the latter, an image moves accross the expasure slit. In strip cameras and some (moving film)
2anoramic cameras. the film is moved in synchronism with the image motion. Thus, the exposure siit can be as wide as the uncorrected
mot.ons of the vehicle and the cegree of image and film motion synchronizer will pern-it. By this means high levels of exposure can be
DUt up 3s needed.

=or a cescrintion of our etectronic analogue, reference is made to Figure 3. |n this highly simolified diagram of a T.D.!. sensor chip,
the architecture is composed of a series of columns (A, B, C etc) and rows (1, 2, 3 etc). Each row corresoonds to a singte photosensor in :
a unear imager. As the image crosses the sensor paralle! to the rows, the photo-signal generated in each photosite is moved in synchronism ' -
with the image motion into the next photosite in the row where it is added to the charge generated there and subsequently moved on to
the next ohotosite in the row, etc. until the summed signal is finally collected in a summation column which can in turn be read out as a
snift register just as if it were a single linear sensor.
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Figure 4. A comparison of two exposure integrating systems

Svstem’s Infiuence On Sensor Chip Design

The most formidable impact of low contrast imaging system requirements ucon sensor design is, of course, the fact that exposures
aaequate for the devetopment of the needed signai levels has necessitated the use of the TDI type of sensor. Beyond this however, ccn-
siderapie sensor chip design detail is dictated by general low-contrast imaging system performance reguirements.

First, in orger 1o operate in the scene brightness and contrast dcmain of interest, it is necessary that each photosite (pixet) oe capabie
of jevelooing a charge of about one million elestrons. Since this value aiso forms 2 reasonable attainabie saturation cnarge for a sensor
¢nip, all woulid appear weil insofar as operating with the number of integrations (columns in Figure 3) necessary to accumulate the desired
cnarge. However, the perversity of nature presents us with not one, but a wide range of ‘iluminanian ievels. it is therefore evident that
Jne of the first features that aur low-contrast imaging sensor must have is a variable numuoer of integrations so that scene higntights can be
maintained at just below sensor saturation. This will give the largest signal (best S N} oossible consistert with scene brightness.

Since subtraction of background (D.C.} from signal-plus-back@round is an irtegral part of *he low-contrast imaging process, account-
ra for 30V sensor signature must be made to a very high level of accuracy. This makes it Zesireanie — ‘0 “act practically margatory — that
sensor signature due to variations in photosensor element area, responsivity, soectral resoonse. ana dark current be minimized beyond the
“ardinary’” variations in tnese variables,

Tose tyoes of requirements described abave have led 1o the evolution of a Sensor Chia Characteristic Saecificatien Goal fora ™ D.1.
vsoe cf sensor applicable to low-centrast imaging systems. A summary of those characteristics is oresented in Figure 5.
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Summary

e rave snown the pnysical basis whnich call for targe numbers of electrons to be generated in order to Make NOSSIDIe IOw-CoONtrast
2lectro-Jptical :maging. We nave 3150 aescribea the principtes of operation ana tne specified characteristics for a new type of sensor cnip
snec:ficatly 'ntenged for :ow-contrast 1mag:ng appiications,

\ucn rematns to be discussed with respect to the methodology of system development, inciuding the “"hows and whys'’ of such
aspects of the systems problem as what portion of the “"backgrouna’’ to remove, what background unduiations should be subtracted, etc.
it is hoped *hat tnese questions can be the subject of future communications.

It 1s safe to state, in any event, that the ongoing developments discussed nere will further our ability to penetrate the invisibility cur-
tain imposed Dv the nature of very iow coNtrast scenes.
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The TD! Image Sensor For The LOREORS Camera

R. H. Dyck
Fairchild MOS/CCD,
Paio Alto, CA 94304

Abstract

The design and operation of a 1024X64 element,
time delay and integration (TDI) image sensor will
be described. This image sensor array has been
designed for minimum cell size consistant with a
requirement for high signal-to-noise ratio, namely,
a goal of 60dB near saturation. Since an inherent
noise is the charge packet shot noise, the size of
each charge packet near saturation must be at least
10¢ electrons. This has been realized using a
20X20um element, a four-phase CCD configuration in
the parallel array registers, and buried channel
CCD technology thruughout the array. With four-
phase buried channel CCD technology it was possible
to achieve a charge handling density of close to
1X10'2 electrons/cm® and also have the capability
of handling very small levels of signal charge
without need for a fat zero as would be necessary
with a surface channel device. The active length
of the array is 20.48mm (0.806"). OQther features
of the device are also described, including elect-
ronic exposure control. Full device performance
has been achieved on initial sample parts; a cum-
ulative charge transfer inefficiency in each direc-
tion of < 0.1 was achieved.

Introduction

The Long Range Electro-Optical Reconnaissance
System (LOREQRS) is an electronic camera system
wnich incorporates an in-line array of line-scan
CCC image sensors. Each of these image sensors is
a monolithic integrated circuit (chip) with a reso-
lution capability of 1024 elements. By making each
of these elements a time-delay-and-integration (TDI)
column with 64 stages of integration, each image
sensor becomes a 1024X64 element array. The result-
ing sensitivity is 64 times that of a simple line-
scan image sensor with square elements of equal
size. This paper describes the design of the device
and presents some early performance results.

Confiquration of the Image Sensors in the Camera

In order to obtain a continuous |ine-scan image
from a set of more than one image sensor chip, it is
necessary td have some method of mechanically or
octicaily butting the chips together. In the
LORECARS camera a prism beam-sharer is used ta form
two image planes such that optically adjacent chips
can de located in different image planes. This
system produces no loss of imagery at the butts
whatscever. The configuration is shown schematical-
1y in Figure 1. As can be seen from this figure,
the nature of the TDI sensor is such that if one
desires to scan the output registers of the devices
all in the same direction in the assembled system
it is necessary to have both right-handed and left-
handed gdevices since tha basic TD! device does not
have inversion symmetry. The device described here
car be operated either as a right-hanaed or a lefs-
hancded cevice.

The TDI Concept and the Effect of Yelocity Error

In order for a I1DI column of sensor eie-
ments and delay elements to function to maximum
advantage, the image velocity must be constant and
equal to the shift velocity of the delaying struc-
ture. In practice this condition is never exactly
met; there will always be small differences in
speed*and direction, as well as changes in these
parameters. Figure 2 shows how MTF performance
degrades as the difference in velocity increases.
In this figure, fy is the Nyquist spatial frequen-
cy, i.e., the highest resclvable freguency for the
array, and N is the number of stages of integra-
tion. From this figure it can be seen for exampie,
that 1f the velocities track to + 1% and N = 50,
the degradation is less than 13% over the full
spatial frequency range. In this analysis the
individual (square) element is assumed to have
uyniform response across its entire 20um length and
to be moving continuously. In the LOREQORS image
sensor, the first condition is met but the second
is not; the discontinuous nature of the motion is
described next.

The motion of the Charge Collection Site

tach moving cnarge collection site within
a CCD TDI column is defined at its front and back
edges by the position of the crest of the poten-
tial barrier for electrons, since that is what
dictates whether a particular photoelectron will
drift to one potential well or to the adjacent
one. The LOREQORS image sensor employs a 4-phase
T0I register. The 4-phase clocking can shift
these potential barrier crasts either 4 or 8 times
per cycle, depending on the specific clock timing.
Figure 3 shows the clocking method which produces
8 shifts per cycle; the clocking is defined in the
figure by which phases are Jow at any time. The
figure also shows the time-averaged response pro-
file of the moving site. The loss of MTF at the
Nyquist frequency for 4 moves per cycle is 2.6
relative to continuous motion (Ref. 1); for B
moves per cycle the loss is 0.6%. Thus, the
MTF curves in Figure 2 are accurate to 0.6% or
better including the effect of TDI motion.

Description of the Image Sensor

A block diagram of the image sensor is
shown in Figure 4. It shows the sensor array it-
self, the bi-directional output register and the
two equivalent preamplifiers. The unit cell of
the sensor array has a saturation charge level of
sligntly over 10% electrens. This provides a
shot-noise-limited signal to noise ratio (SNR) of
approximately 1000:1 near saturation. In an ad-
vanced system like LOREJRS, where corrections can
be made for array nonuniformities, this high-
Tight SNR sets the limit to low-contrast image
detectability. This saturation charce is achieved
with a buried channel 4-pnase CC2 aesign provided
the clock waveforms have at least two phases hign
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at all times. The 20um element size is approxi-

mately minimum for a 10 electron capacity unless
the basic CCI/MOS process is substantially modified
or clock voltages swings in excess of approximately
10 volts are used. However, the latter is unde-
sireable because of the increased dark current that
results at defect sites.

Exposure control (EC) gates zre located such
that the number of TDI integrations can be adjust-
ed from 64 to 32, 16, 8, 4 or 1. By appropriate
use of these gates the saturation charge level can
be kept near 10° electrons over a wide scene-to-
scene dynamic range, thus providing a high SNR
over this dynamic range. These gates operate by
biasing any one of them to ground while all the
other 4-phase gates and EC gates are operating to-
gether as one 4-phase system between two positive
voltages, e.g., between 2 and 10 volts. Thus, in
part of the array electrons are clocked forward and
in the other part they aiffuse backward in saturat-
ed, forward-clocking registers.

Another feature of this device is a special
optical layer-thickness design which optimizes the
broad-band response in the spectral range 500-500nm
for the case of 5000°K blackbody illumination
(Ref. 2). Spectra for the full optical design (with
silicon nitride both above and below the polysilicon
gates) and for a simplified version of it, taken on
a developomental image sensor, are shown in Figure 5.
These spectra correspond to broadband responsivi-
ties, for the above illumination conditions, of 135
and 105mA/w, respectively. These values represent
improvements over a typical previous device of 20
and 30%, respectively.

The bi-directional output register has been
designed so “hat only one transport clock is re-
quired. The circuit diagram in Figure € shows the
four required drive terminals for this register,

The terminal codes indicate how these are inter-
connected to operate the device in one direction or
the other; for example, terminal "Pnp/VHL" is to be
tied to P4 for right-hand operation and to VH for
lef+. (PH denotes the transport clock.)

The preamplifiers may be described as resett-
able floating gate amplifiers; they are shown in
Figure 6. This very simple amplifier circuit was
chosen in order to obtain a high degree of stability
and linearity as well as low noise. When the float-
ing gate potential is reset once each Jine periad,
the only high-freauency clock coupling is due to
the transport clock. By optimizing the value of the
load resistor for the particular operating frequency
ana the particular following stags characteristics
it is anticipated to achieve a minimum noise equiv-
alent input signal (NES) for a variety of operating
ccngitions. The NES at 1 Msps is Tess than 200
electrons/pixel on first sample devices but how much
Tess has yet to be determined. At a signal level of
£X10% elactrons/pixel this preamp noise decreases
the device SHR by less than 4%,

MTF as a function of wavelength at the Nycuist
freauency has been estimated by measurement and is
typicaily > 60% for waveiengths less than 7C0Onm,

43 at 200nm and 20% at 900nm. For the case of
Jn<iltered 30000K illuminaticn the MTF is typically

BV
Sl

s
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An Imaging Test That Does Not Require Pracisiscn -
Image Motion
This i1mage sensor has been evaluated with
the use of a flash iliuminator. In this test the
(7DI) 4-pnase clocks are operated continucusly
just as they would be in a TDI camera, and the

illuminator is flashed once eve.y 64 or more lire-

scan periods. The device is illuminated cirectiy
(without any optics), producing an image of the
nonuniformity pattern of the array in two dimens-
ions. Such an image is shown in Figure 7. The
16:1 aspect ratio of the image sensor has been

altered slightly at the display to better show the S

details. This picture was taken at close to 10°
electrons/pixel; the total gray scale of the pic-
ture covers a contrast range of approximately 5%.
Thus, there are features visible here that are of
the order of 1% in contrast; consistant with de-
sign calcylations, high frequency temperal noise
does not appear in the contrast range. (Line-to-
Tine temperal noise seen in this picture is kTC
noise which may be avoicded by line-clamping.) The
only clearly discernable dark signal features are
two vertical white lines on the right; these are
% contrast features.

TDI-Mode Response Uniformity and Dark Signal
Uniformity

Since the TDI-moce uses each sensor column
as a single element, spatially-small nonuniform-
ties in both the response and the dark current
are averaged over each column. Thus, the major
nonuniformities in a TDI-mode image are typically
due to long-range shading effects and to very
large dark current “spikes". Figure 8 shows a
photoresponse scan which is seen to be uniform to
approximately + 3% over the length of the device,
with local uniformity being much better.

The two dark current "spikes" causing the 2%
contrast lines in Figure 7 are actually caused by
square elements with dark currents of over 20
times the background. In the TDI-mode the dark
signal output for these TDI-columns was less than
twice that of the background.

Conclusion

024x64 element TD! image sensor with sev-
eral special features has been described, and low
contrast non-TDl-moce imaging has been reported.

Acknowledaments
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F1G. 6 CIRCUIT DIAGRAM OF THE 1024XA64-ELEMENT
IMAGE SENSOR
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7  SELF-IMAGE OF THE 1024X64-ELEMENT TMAGE SENSOR
TAKEN AT HIGH GAIN (SEE TEXT)

8  TDI-MODE PHOTORESPONSE UNIFCAMITY =0R THE
SAME DEVICE AND CONCITIGHS OF FIG. 7
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APPENDIX B
AIRCRAFT WINDCW THERMAL, SHOCK

An analysis of aircraft window thermal effects was undertaken
to determine whether rarid vehicle descent would cause excessive "
Jestructive fcrces wiith rapild temperature and cressure changes.
arlous methods Ior the maintenance of uniform temperature cgradients, -
across <the Llnternal window surface, were also investigated. It was

anticicated that an operational restriction might te reguired to
limit the maximunm allowable aircraft descent rate below altitudes
cI 10,300 Zeet to protect the window.
Inguirilas weres made of varicus aerodynamicists and thermal experts
“C zsZertaln whether the =thermal shock problem nad been creviously
znalvzzd., It was found that these experts used contradictory
:33umctions and generaily disagreed on the solution to this problem.
Therolizre, the task of pnysically developing a realistic model and
s2l2z2in7 an arcropriate mathematical tecnnigue were addressed.
Somrzcoizal method for calculating the window thermal stress was
volved., A5 a result of the iInitial calculaticns the Zollowing
r:32.73 wer obtalned:
Jeszent Time Maximum Tensile Inner SurZace
‘Trom =43°F o +85°F Alr) Stress Conditicn
> MInuzes 2200 @St Traa
> MInuzes 1300 BSI Conwrzozicn
Z0 Minutas 2600 PSI 3577 Lics
Jnoo o maniTum zllowaple tensile stress for the Inssricr 22 the Ilass
Lol tsoLoouT D30 PSIL However, the safe allowarle stress should
Lo Lersay o oopoan L0700 3SI for .
ST I irXZT Zrona
- S STy uis TALIATL, Shnus o she Lower floure szhouli oz ssed Sor
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. LOREORS Flight Imagerv from F

Imagery obtained from the eleventh flight, flown on Mav 15, 1930

are shown in prints C8 tihirough Cli. These prints are small
secticns of the original scans enlarged four times. The scale
in these prints, taken at slant ranges varying from 11 to 30
nautical miles, yields excellent detail enhancing image
interpretation. While there still appears to be a minor

stabilization problem as evidenced by the the slight waver in

scan direction edges, the accurate reproduction of minute detail,

such as the lines in the parking lot, is impressive. Compression

of the contrast range by attenuaticn of the low frequency
background signal greatly increases the information content in

these prints.

Print C8 slarnt range is 28.7 NM, print C9 slant range is

30.5 NM, orint Cl0 slant range is 11.4 NM, and Print Cll slant

range is 28.3 NM.
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c2. LCREORS FLIGHT IMAGERY FROM FLIGHT 3

Imagery samples from the third flight flow on April 5, 1980
are included as photos C5 thru C7. CS imagery was taken

of scenes around Wright Patterscon at altitudes of 10,000 and
C6 & C7 were taken around WPAFB at 29,000 feet. The higher
altitude scenes were taken at a mid frame range of 45 nautical

miles. It was estimated that the scene contrast at which these

photcs were taken was down arcund 1.000:1.

The FMC problem has been cleared up and the skewed scan has o
been eliminated, but it is apparent from the "Atlantis" effect "é
(the buildings appear to be sinking) we still had stabilization -
oroblems.

At the lower altitude, at a range of 10 nautical miles, enlarge- -

ments of the imagery appear steadier.

)
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. APPENDIX C

S Cl. FLIGHT TEST IMAGERY

(U) Representative examples of the imagery resulting from the
flight tests are presented in this section. As the hard copy
images are scanned, from the flight test which started in
March 1980 and continued through June, the progressive improvement
in the image display is evident. Seventy-three hours of flight
time was logged during these tests and useable results were returned

almost all missions.

(U) Examples of thie initial flight test imaging are shown in the 4
prints labeled Cl1 through C4. The first mission was flown on ::i
March 6, 1980 at an altitude of 10,000 feet with image scanning Et}d
ranging from 7.5 to 13 nautical miles. Although the visibility

was not measured there was some cloud cover present. On this

first flight the sensor scanned the scene, however the FMC

maifunctioned and the rear bearing was not operating properly.

These problems are evidenced in the prints as skewed scan.

P {U) The photographic quality in these first returns were not up to

par, but these prints did contain an impressive amount of detail.

e Telepnone poles and fence stakes could be ascertained. Buildings,
mostly single family homes and some barns show up with door and

|

:

p [}
- 7
'. window details. From these typical details the resolution in these - 94
. nhoto were estimated to be in the range of three feet per pel. Ej“}
f ) Photd print C2 is an enlargement of an area of photo print Cl S
‘ and photo orint C4 is an enlargement of photo print C3. L
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This design approach was implemented as follows:
Strip heaters were oriented in 4 bands around the sensor window frame.
Each band is separately controlled. 1In addition, provision is made
to mount low thermal inertia heaters in tthe 1-1/2" gap between
the windows, should heat in this area prove beneficial. The gap is
ventaed to the aricraft ambient air through a dessicant canister.
To help raise the temperature of the inside sensor window surface,
the cooling air flow in the scan head is reapportioned to include
a larger flow rate in the window area.

Fittings are also to be installed, together with adjustable
air jets to allow the introduction of compressed air from the air
bearing compressor into the 1-1/2" space betweeﬁ the windows for
the purpose of momentarily mixing the air in the gap to break up

convection air currents immediately prior to scanning. Final

ovtimization of the heat balance cf the sensor window and timing Z,f

of air mixing was determined during flight test. =

The external window frame was fabricated from reinforced fiberglass .

material for thermal insulation purposes. A preliminary design Q;é

using glass cloth per MIL-C-9084 class 2, Type VIII and an epoxy §§

B

resin per MIL-R-9300, type 1, class 1 was approved. Fiber };ﬁ

3jlass was an acceptable material for the proposed design. _#j
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oressure between the two windows. This was found to be unacceptable
in the design configuration because a large pressure differential

would exist across the thin window nearest the camera.

The pressure differential problem could be overcome with a design
which placed a one inch window on the outside and a 3 1/2 inch
window facing the camera. A separation of 0.225 inch would be
maintained between the windows and this volume kept in pressure
equilibrium by the pressure outside the aircraft. This configuration
was analyzed with an additional degree of freedom, namely, the
nature of the gas occupying the space between the windows. With
dry air £illing this space at a pressure equivalent of 40,000 feet
( 3psi) the thermal conductivity would be only 75% of that for
air at 10,000 feet ( llpsi). The advantages of other gasses are
seen by examining the thermal conductivities tabulated below:

THERMAL CONDUCTIVITY K FOR GASES AT STP

BTU-FT
Gas MOL WT/AT WT K prl_yr-oF
AIR - 0.015
NITROGEN (N,) 28.0 0.015
ARGON (A) 38.9 0.01
FREON - 12 121.0 0.0056
XKRYDTON (Xr) 83.8 0.005
KENON (Xe) 131.0 0.003

Further analysis of the thermal characteristics of the aircraft

sensor windew design were made. The model analyzed was as follows:
° 1" thick outside window

° 1/1/2" air gap at 40,000 £t. pressure

]

YT ryYrYyw

3" thick inside window, and

v
7 -

> heated mounting frame a% S53°F

-
-1
O

(v}
"
0
3
[oN
[+3}

5
This combinaticn produced the best overzll temperature

i1le for the windows.
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exterior surfaces under all conditions. For the case at hand,

the maximum glass stress developed, after a time, near the middle
of

the windew. An initial prediction based on the results above

indicated that the safe descent time should be approximately one hour.

These analyses of the thermal gradients across the surface of the

aircraft and sensor windows found the temperature changes to be

within acceptable limits with the use of the environmental control

system initially planned for sensor design. However, the temperature

difference between the inner surface of the aircraft window and

the outer surface of the camera window was large and could approach

a marginal conditions. Additional investigations of the proposed

design were performed in an effort to reduce the temperature

difference. It was felt that increasing the air flow on the

inner surfaces would alleviate this siituation.

Analyzing the thermal characteristics of the thick Aircraft and
thia sensor windows verified the existence of a large temperature
difference between the inner surface of the outer window and the

outer surface of the inner window. This temperature difference

coupled with the relatively large separation of the surfaces

(2 inches) would cause convection currents that could optically

ade sensor performance. These convection currents could be

2liminated by reducing the space between the two windows %o less

7 A

inch. This regquired mountinc both windows in a single

the aircraft xible bcot

and providing a tc the camera.

=
rLe

cenfiguration revealaed acceptable
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C4. LOREQRS FLIGHT TEST IMAGERY FROM FLIGHTS 20,21,&22

(U) During the last quarter of the flight test program most of the
D stabilization problems had been cured. There was never a
serious problem with the image acquisition system, since the
first flight high resolution imagery was obtainable. The
lack of stabilization during imaging acguisition caused the
i ultimate reproduction of the imagery to appear degraded, however,
a close inspection was fairly good.

ey sSamples of the imagery from the last few flights have been in-

cluded as prints Cl2 thru Cl4. Print Cl2 is an enlargement from
a scan taken at 20000 ft. at an imaging range of 9 miles with a

LA SuiChairs auniih &' 0 6Y

contrast range of 1.05 to 1. The resolution of this image is )
demonstrated by the school in the foreground. (The building f»-”

is identified as a school by the swing set between the buildings.) *;”:

Details such as the fence posts around the building, stop signs PR

and parking meters attest to the resolution of imagery. Print B

Cl3 slant range is 11 NM and Print Cl4 slant range is 36 NM. :fff
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APPENDIX D

GLOSSARY

LOREORS Long Range Electro-Optical Reconnaissance System

E/O Electro-Optical

CCD Charge Coupled Device

TDI Time Delay and Integration

S/N Signal to Noise

FISD Fairchild Imaging Systems Division

v Television

VTR Video Tape Recorder

GFEZ Government Furnished Egquirment

LBR Laser Beam Recorder

IS Inertial Navigation System

CDR Critical Design Review

IR&D Internal Research and Development .

PEL Photosensitive Element jf

PIXEL Pixture Element "‘d
b DMA Direct Memory Access :ﬁ?i
E RTE Real Time Executive ié?*
{ 3TP Standard Temperature and Pressure
4 FITO First in First Out
.
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6570/AMRL/HE
ATTN: MR, BATES
WPAFB, OH 45433

AFEWC/ESRI (MANDATORY)
SAN ANTONIO, TX 78243

AFSC/SDR
ANDREWS AFrB, MD 20324

AFWAL/TST-1 (MANDATORY)
WPAFB, OH, 45433

ARMY ELECTRONICS CMD
AMSEL-CT-1
FT. MONMOUTH, NJ 07703

BATTELLE MEMORIAL INSTITUTE
TACTEC

505 KING AVE

COLUMBUS, OH 43201

NAVAIR SYSTEMS CMD
WASHINGTON, D.C. 20361

NAVAIR SYSTEMS CMD
HQS (AIR-370)
WASHINGTON, D.C. 20360

NAV SHIP ENGRG CTR
CODE 6178 CeQ2
WASHINGTON, D.C. 20360

RADC/IRR
GRIFFISS AFB, NY 13441

US ARMY HUMAN ENGRG 1LA3B
DR. DAVID HODGE
APG, MD 21005

AFSC/DLWA
ANDREWS AFR, MD 20334

AFWAL/AAAN
WPAFB, OH 45433

AFWAL/TST-2 (MANDATORY)
WPAFB, OH 45433

ASD/XR/TRADOC
L/COL NILES (ARMY)
WPAFB, OH 43433

CMAAC/PRRS
2ND § ARSENAL ST.
5T. LOUIS, MO 63118

NAVAIR DEVELCOP CENTER
CODE 301

G. ZCK

SJCHNSVILLE
WAPMINSTER, PA 13974

UNCLASSIFIED

NAVAIR SYSTEMS CMD
NAVAIR 3032E

JOHN F. PLUNKERT
WASHINGTON, D.C. 20360

NAV PHOTOGRAPHIC CTR
NAVAL STATION (RD)
WASHINGTON, D.C. 20374

RADC/IRRE
GRIFFISS AFB, NY 13441

USAF /AFRDRM
MAJ. JOHN SMITH
WASHINGTON, D.C. 20330

AFSC/IN (MANDATORY)
ANDREWS AFB, MD 20334

AFWAL/AARM
WPAFB, OH 45433

ARMY ECOM NIGHT VIS LAB
(NV-VI)
FT. BELVOIR, VA 22060

AUL/LSE (MANDATORY)
MAXWELL AFB, AL 36112

DTIC (MANDATORY)
CAMERON STATION
ALEXANDRIA, VA 22314

NAVAIR DEVELCP CTR
ADT
WARMINSTER, PA 18974

NAVAIR SYSTEMS CMD
AIR-33322D
Washington, D.C. 20360

NAV RESEARCH LAB
DIRECTOR
WASHINGTON, D.C. 20390

NAV WEAPONS CENTER
CODE 143

USAFSC LIAISON OFF
CHIN LAKE, CA 93555

SAC/NRX
CFFUTT AFB, NE 68113

USAF/SAMID (MANCATCRY!}
WASHINGTON, D.C. 20330
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